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Abstract 
Evolutionary origin and ecological niche may impact how earthworm species affect N 
cycling. Tall fescue (Lolium arundinaceum (Schreb) S. J. Darbysh) infection with the toxic 
endophyte Neotyphodium coenophialum Glenn, Bacon & Hanlin (E+) may influence earthworm 
communities in soil compared to non-toxic endophyte (NE+) infected tall fescue. Conversely, 
different earthworms may contribute different amounts of N to E+ vs. NE+ tall fescue. A field 
survey was conducted from January 2007 to January 2008 to determine the impact of E+ and 
NE+ tall fescue, planting date, and seasonal variables, e.g. soil temperature and moisture, on 
earthworm species, abundances, and population age structure. Laboratory studies were 
conducted using 10-cm dia. cores filled with 20 cm of Captina silt loam and E+ or NE+ tall fescue 
litter and plants. Cores contained no worms, native, endogeic Diplocardia meansi, non-native, 
endogeic Aporrectodea trapezoides or anecic Lumbricus terrestris, or a mix of native and non-
native earthworms. Litter in E+ cores was labeled with 15N to trace the movement of N from 
litter into earthworms, soil and live plants. Soil, microbial, dissolved total, organic, and 
inorganic N concentrations, and microbial activity were measured in E+ and NE+ cores to 
determine changes in N pools from the activities of different earthworm species. Endophyte 
type did not result in different adult earthworm populations. Dissolved N pools, but not plant 
uptake, was higher in the presence compared to the absence of earthworms. Earthworm origin 
and ecological group did alter N availability under E+ but not NE+ tall fescue. While fescue 
pastures can be converted to NE+ without altering earthworm communities, introduction of 
non-native earthworms can alter N cycling. Anecic earthworms increased nitrate to a greater 
extent than endogeic earthworms under E+, but not NE+ fescue. Further investigation of 
aboveground-belowground interactions in NE+ and E+ tall fescue systems is warranted. 
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CHAPTER 1 
 
LITERATURE REVIEW AND RESEARCH RATIONALE 
2 
Literature Review 
Introduction to earthworms 
Earthworms are considered to be keystone species and ecosystem engineers. Their 
positive effects on soil were noted by Darwin (1881). Since Darwin’s time, researchers have 
examined the influence of earthworms on soil physical, chemical, and biological processes. 
Much of this research has focused on earthworms in agricultural systems.  Furthermore, in the 
United States, non-native earthworm species tend to dominate in agricultural systems (Blair et 
al. 1995; Hendrix 1998; Parmelee et al. 1998; Reynolds 1995). Until recently, little work has 
focused on differentiating roles of native versus non-native earthworms or the interactions of 
native and non-native earthworm species and earthworm ecological groups.   
Three major ecological groups of earthworms are recognized.  These groups are epigeic, 
endogeic, and anecic, and are based on burrow structure, location in the soil profile and food 
source (Edwards and Bohlen 1996; Hendrix and Bohlen 2002; Lee 1985).  Epigeic earthworms 
do not form burrows, live in the litter layer and surface mineral soil, and consume plant detritus 
and microorganisms.  Endogeic earthworms form extensive non-permanent burrows, live in the 
mineral soil horizons, and consume soil and organic matter.  Anecic earthworms form and live 
in permanent or semi-permanent vertical burrows extending from the soil surface into the 
mineral horizons, and consume soil and plant detritus.  
In general earthworms have been found to accelerate plant litter decomposition and 
nutrient release and subsequent availability.  Savin et al. (2004) found that fundamental 
changes occurred in the soil food web of earthworm-worked soil that resulted in altered 
nutrient cycling.  Several studies have shown that bacterial and fungal communities change in 
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size and activity through time following ingestion, egestion, and development in cast and 
burrow soil (Bohlen et al. 1997; Wilcox et al. 2002); results depend on the age and type of litter 
as well as soil type and condition (Lavelle 1988). Wilcox et al. (2002) found that the processing 
of organic material by Lumbricus terrestris L. resulted in an increase in the microbial biomass N 
concentration of midden soil as compared to the surrounding soil.  This is consistent with 
earlier findings by Bohlen et al. (1997) in which substrate-induced respiration rates (an 
indication of microbial biomass) were increased in midden soil as compared to surrounding soil.  
Both of these studies support the findings of Bending and Turner (1999) that a reduction in the 
size of crop residue particles enhanced microbial activity, leading to increased microbial 
biomass and decomposition rates. This facilitated decomposition results in increased rates of 
carbon dioxide (CO2) and N release, at least at short time scales (Bending and Turner 1999; 
Saetre 1998), although the persistence of elevated activity is questionable at long time scales in 
field situations (Parmelee et al. 1998). 
While generally recognized as positive, earthworm activity can also be detrimental to 
ecosystems.  Earthworm activity can result in the moving or burying of surface residue, leading 
to loss of forest floor diversity and habitat (Bohlen et al. 2004; Lachnicht et al. 2002). 
Earthworm burrows create preferential flow paths that lead to increased leaching of pesticides, 
fertilizers, and agricultural waste into surface and ground water (Domínguez et al. 2004; 
Shipitalo and Gibbs 2000). The facilitation of decomposition can increase mineralization, 
resulting in the release of C as carbon dioxide (CO2) or methane and the conversion of organic N 
to ammonium (NH4
+) and/or nitrate (NO3
-) (Kouno et al. 2002; Salinas-Garcia et al. 1997; 
Stevenson and Cole 1999). If conditions promote nitrification, but the improvement of physical 
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structure leads to increased moisture retention, denitrification and the production of N2O and 
N2 gas may be enhanced. Thus, the emission of greenhouse gases may increase in areas where 
earthworms are active (Borken et al. 2000; Giannopoulos et al. 2010; Rizhiya et al. 2007; 
Speratti and Whalen 2008).  
 
Earthworm taxonomy and distribution in the United States 
Earthworms are classified in the phylum Annelide, class Clitellate, subclass Oligochaeta.  
As reviewed in Hendrix et al. (2008), within Oligochaeta, semi-aquatic and terrestrial 
earthworms are grouped into 17 generally recognized families.  The presence of nine 
Oligochaeta families, have been identified in the Nearctic region (North America, Greenland, 
and Iceland).  Three of the families have only native species, three are comprised of native and 
non-native species, and the remaining three are represented only by non-native species 
(Hendrix et al. 2008).   
In the United States and Canada, non-native earthworms account for 31% of the 
earthworm species (Reynolds 1995).  Non-native species, estimated to be approximately 45, are 
predominately grouped in two families:  Lumbricidae (25 species) and Megascolecidae (14 
species) (Reynolds 1995). Species from the families Eudrilidae, Glossoscolecidae, 
Moniligastridae, and Ocnerodrilidae have also been identified in the United States (Hendrix et 
al. 2008).  The distribution for these introduced species is highly variable. In the case of 
Aporrectodea spp. (family:  Lumbricidae) the distribution is extensive across the entire United 
States and southern Canada.  In contrast, the distribution of Lumbricus rubellus and L. terrestris 
(family:  Lumbricidae) in the United States is concentrated in the west (CA, NV, OR, WA and ID) 
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and in the east in a range that extends as far south as central AR and as far west as eastern ND. 
The distribution of other introduced species is assumed to be less extensive because of limited 
identification in collection sites across the United States (Reynolds 1995).  
The distribution of native earthworms in the United States is limited to the land area 
proximal to or south of the southern front of the Wisconsinan glaciations and the southern 
coastal mountains of California.  Native species are from five families:  Lumbricidae, 
Megascolecidae, Sparganophilidae, Komarekionidae and Lutodrilidae (James 1995).  The family 
Lutodrilidae is comprised of one species and has been identified only in mud flat and riparian 
areas between Baton Rouge and Bogalusa, Louisiana.   The family Komarekionidae also has one 
identified species that has been collected from deciduous forests of the southeastern United 
States.  The three remaining families, Lumbricidae (Bimastos spp. (10 identified) and Eisenoides 
spp. (2 identified)), Megascolecidae (Diplocardia spp., 44 identified), and Sparganophilidae 
(Sparganophilus spp., 11 identified) have wide-ranging distributions within the geographic 
region, south of the southern front of the Wisconsinan glaciation (James 1995).  
Fields surveys conducted throughout the central and southern United States identify the 
presence of both native and non-native earthworm species (Callaham et al. 2003; Hendrix and 
Bohlen 2002).  However, information regarding earthworm species and their distributions in 
the state of Arkansas is limited.  The last reported survey dates back to two publications from 
1952 and 1953 (Causey 1952, 1953).  In the original paper, Causey (1952) identified 17 species 
from nine genera, of which six species were native to North America; the remaining species 
were non-native (eight of European origin and three of Asiatic origin). Four additional species 
were added in 1953, of which three were native to North America and one was non-native of 
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European origin (Causey 1953). The native species identified were Lumbricidae Bimastos spp. 
and Megascolecidae Diplocardia spp. Concern about the ability of native earthworms to 
compete with foreign species was identified (Causey 1952). The non-native earthworms of 
European dissent were all in the family Lumbricidae, while the three species of Asiatic origin 
were Megascolecidae Pharatima (changed to Amynthes) spp. (Causey 1952).  The Amynthes 
spp. were identified as being highly adaptable, successful invaders, the most common 
earthworm in southern Arkansas, and expected to be widely distributed across the entire state 
(Causey 1952). 
 
Native and non-native earthworm distributions 
In North America, non-native earthworm species have become established in regions 
previously devoid of earthworms (e.g., area previously covered by the Wisconsinan glaciation) 
and where physical disturbance and habitat fragmentation has reduced or eliminated native 
populations (Hendrix et al. 2006; Hendrix and Bohlen 2002; Hendrix et al. 2008; Kalisz and 
Wood 1995). The community composition within a given habitat may be comprised of all 
native, all non-native, a mixed assemblage, or no earthworms (Hendrix and Bohlen 2002). 
Hendrix et al. (2006) present a model by which non-native earthworms may become 
established in regions previously occupied by native species.  The model is based on three 
levels of disturbance (Severe – native species eliminated, Moderate – native species reduced, 
and Minimal – native species unaffected) that allow for the possible introduction and 
subsequent establishment of non-native species.  Severe disturbance results in a community of 
all non-native species.  Moderate disturbance may lead to a community of all non-native 
7 
species or the co-existence of native and non-native species. Finally, minimal disturbance may 
result in a community comprised of native and non-native species co-existing, or just the intact 
community of native earthworm species.  In a recent review on the introduction of non-native 
earthworms into ecosystems inhabited by native earthworms, it was identified that native 
species remained dominant or coexisted in natural conditions (Hendrix et al. 2006). However, 
non-native species became dominant as management intensity increased, such as in 
fertilization of grasslands (Winsome et al. 2006), or after disturbance occurred, e.g. cultivation, 
cattle grazing, or logging (Hendrix et al. 2006).  Non-native earthworms can dominate 
populations in disturbed and undisturbed areas and are difficult to exclude from areas they 
have already colonized (Callaham et al. 2003). 
Human transport is thought to be the primary mode for introduction of non-native 
earthworm species into a new area (Callaham et al. 2003; Hendrix et al. 2006; Hendrix and 
Bohlen 2002; Hendrix et al. 2008). Causey (1952) identified the growing of earthworms for 
personal or commercial use as a likely factor contributing to changes in species composition of 
Arkansas earthworms.  Analysis of a sample provided by a producer, located in Manila, AR 
(northeast Arkansas), of earthworms being distributed as bait in Arkansas, Oklahoma, 
Tennessee and Texas identified 6 species, all non-native, two of which were Amynthes spp. 
(Causey 1952). The genus Amynthes, since Causey’s report, has been identified as an aggressive 
invasive group (Callaham et al. 2003). A survey conducted in remote regions of the southern 
Appalachian mountains found extensive invasion by Amynthes agrestis , and evidence linking 
the species to changes in organic matter dynamics and forest floor ecology (Callaham et al. 
2003).  The maturity of Amynthes agrestis specimens collected from July through December 
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changed from initially all small juvenile to peak adult abundance in September, followed by a 
steady decline in numbers and no juveniles or sub-adults were detected after September.  The 
speculated mode of introduction into these remote areas is discarding of unused fishing bait 
(Callaham et al. 2003).  
The discarding of fishing bait has been linked to the invasion of non-native earthworms 
in the hardwood forests of the northern United States and Canada, where glaciation had 
eliminated native earthworm populations.  In the absence of earthworms, an equilibrium state 
in these forest ecosystems has been reached that is characterized by a thick organic horizon 
above the mineral soil surface. The introduction of non-native earthworms has led to 
fundamental changes in these ecosystems. Earthworm activity can eliminate the forest floor 
and alter the nutrient cycling dynamics considered key to the stability of a forest ecosystem 
(Bohlen et al. 2004). Earthworm invasions have been associated with increases in soil microbial 
activity and plant N uptake (Groffman et al. 2004).  In contrast, not all earthworm driven 
ecosystem changes may be detrimental, and there remain questions of the importance of 
ecological groups and evolutionary origin of earthworms to resulting ecological dynamics. 
Comparable improvements in nutrient uptake in pine seedlings in the southeast have been 
reported for both a native, endogeic Diplocardia species and a non-native, epigeic earthworm 
(Callaham and Hendrix 1998), highlighting the question of whether nutrient dynamics were 
affected by earthworm origin or ecological group. 
Little is known about the difference in how native and non-native earthworms interact 
with microorganisms and plants, including whether non-native species will out-compete native 
species (Hendrix and Bohlen 2002). In settings were native and non-native earthworms have 
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been found to co-exist, the non-native species may be in a different ecological group or active 
at different times of the year, and thus utilize different nutrient pools.  Callaham et al. (2001) 
found that native endogeic earthworms (Diplocardia spp.) had greater activity than a non-
native, endogeic earthworm (Octolasion tyrtaeum Savigny) in a tall grass prairie in Kansas under 
warm and dry conditions.  The Diplocardia spp. were also found to be more resilient, following 
fire, than Octolasion tyrtaeum (Callaham and Blair 1999). The availability of N for growing 
plants, however, was reduced in the treatment with the native Diplocardia spp., possibly 
because of earthworm activity stimulating soil microbial communities and resulting in N 
immobilization into microbial biomass (Callaham et al. 2001).  Winsome et al. (2006) found that 
Aporrectodea trapezoides Dugѐs (non-native) required greater food resource availability than 
Arilophilus marmoratus (native) to achieve maturity. Thus, Ap. trapezoides depletes available 
resources in resource-poor grasslands of California, limiting its ability to colonize new areas. In 
resource-rich grasslands, Ap. trapezoides may out-compete or prevent Ar. marmoratus from 
recolonizing an area, as a result of faster growth and earlier onset of sexual maturity of Ap. 
trapezoides (Winsome et al. 2006).  An examination of pastures in Mexico with native or 
introduced grass species found that earthworm species were reduced from four in the native to 
two in the introduced pastures (Brown et al. 2004).  Few non-native earthworm species were 
detected overall, suggesting the invasion pressures are low or that native species are better 
adapted to the environment in southeast Mexico (Brown et al. 2004). 
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Mutualistic relationships in plant and soil systems 
Mutualistic relationships are very important to resource acquisition, providing a 
competitive advantage to organisms involved and with ecosystem consequences as well 
(Jeffries et al. 2003; Lavelle et al. 1995).  In native ecosystems, plant associations with 
mycorrhizal fungi may be an important factor controlling the plant community structure (van 
der Heijden et al. 1998).  Symbiotic nitrogen fixation has long been recognized as an important 
natural fertilization mechanism bringing N into terrestrial ecosystems (Graham 2005). Lavelle 
(1988) proposed the external rumen hypothesis based on the mutualistic relationship between 
earthworms and soil microorganisms to explain the accelerated decomposition of organic 
matter and N release in worm castings.  Another important mutualistic relationship exists 
between fungal endophytes and grass species.  
Tall fescue (Lolium arundinaceum (Schreb) S. J. Darbysh) is an important, cool season 
forage utilized by the cattle industry in the eastern, central, and southern United States and is 
naturally infected with the endophyte Neotyphodium coenophialum Glenn, Bacon and Hanlin.  
The endophyte produces toxins and induces changes in the plant biochemistry that lead to well 
documented animal health problems (Oliver 2005) and reduced forage palatability. Replacing 
the toxin producing endophyte (E+) with a non-toxin producing endophyte (NE+) has been 
found to improve livestock performance (Caldwell 2010; Parish et al. 2003a; Parish et al. 2003b; 
Watson et al. 2004), but more research is needed on long-term system sustainability in pasture 
management.   
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Tall fescue-Neotyphodium symbiosis and alkaloid production 
Alkaloid compounds, with varying levels of toxicity, are produced either directly by the 
endophyte Neotyphodium coenophialum or by tall fescue as a result of the infection (Bush and 
Fannin 2009; Schardl and Panaccione 2005). In general alkaloids are naturally-produced organic 
compounds comprised of N-containing bases (Bush and Fannin 2009). In tall fescue, the 
predominant alkaloids are grouped into four general classes:   the plant derived perloline 
(diazaphenanthrene), and three endophyte derived alkaloids, peramine (pyrrolopyrazine), 
loline (pyrrolizidine), and ergot (Bush and Fannin 2009; Schardl and Panaccione 2005; Scott et 
al. 2005). A fifth group, the indole alkaloids, typically found only in trace concentrations in tall 
fescue, can be either plant (perlolyrine) (Bush and Fannin 2009) or endophyte derived 
(loliterems) (Scott et al. 2005).  In perennial rye grass (Lolium perenne), concentrations of the 
indole alkaloid, lolitrem B, are sufficient to affect grazing livestock and have been linked to the 
muscle tremors that cause rye grass staggers. Additionally, indole alkaloids have been found to 
deter insect activity (Scott et al. 2005).  
In tall fescue, the first alkaloid identified was perloline, a plant produced compound in 
the diazaphenanthrene alkaloid class. Maximum concentrations of perloline and its oxidation 
product perlolidine occur in late summer. Plant tissue concentrations are greatest in flowering 
culms, followed by roots, then leaves, and finally the lowest concentrations are detected in 
seeds. Research on this class of alkaloids has been limited since it is not been linked to fescue 
toxicosis (Bush and Fannin 2009).  
The endophyte derived alkaloids (peramine, loline, and ergot) have received greater 
research attention. The only pyrrolopyrazine alkaloid identified in E+ tall fescue is peramine. 
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Research, on peramine, is limited because no significant roles in the growth and development 
of E+ tall fescue have been identified. Paramine has not been found in the roots of mature 
plants and the greatest concentrations are typically found at the base of the leaf blade and in 
the leaf sheath (Bush and Fannin 2009). Peramine has been identified as an insect feeding 
deterrent; however, the concentrations typically found in E+ tall fescue are lower than the 
threshold required for an insect response in perennial rye grass (Bush and Fannin 2009; Scott et 
al. 2005).  
Pyrrolizidine, also known as loline alkaloid in tall fescue, is the most abundant of all the 
alkaloids in E+ tall fescue. The most prevalent loline alkaloids in E+ tall fescue are derivatives of 
loline, N-formylloline and N-acetylloline. The loline alkaloids of E+ tall fescue are unique in that 
the pyrrolizidine ring is saturated.  Pyrrolizidine alkaloids, in most other plant have an 
unsaturated pyrrolizidine ring between carbon 1 and 2 (Bush and Fannin 2009).  The 
concentrations of loline alkaloids reach a seasonal maximum in late summer and are thought to 
be translocated throughout the plant. Their presence in leaf exudates may be important in 
insect deterrence (Bush and Fannin 2009).  This group of alkaloids has a wide range of 
insecticidal activities, but has not been linked to any adverse effects in mammals (Bush and 
Fannin 2009; Schardl and Panaccione 2005).  
The final endophyte derived class of alkaloids is the ergot group. Ergot alkaloids in E+ tall 
fescue comprise a broad group of clavines and lysergic acid (Fig. 1.1) derivatives sharing a 
common ergoline ring structure. Ergopeptines, thought to be the most abundant, are 
comprised of a tricyclic peptide with varying amino acids at position 1 and 2 and proline at 
position 3 (Fig. 1.2) (Bush and Fannin 2009; Schardl and Panaccione 2005). Ergovaline (alanine-
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valine-proline) accounts for 84 to 97% of total ergopeptines and has been identified as a 
vasoconstrictive compound (Bush and Fannin 2009).  It has also been speculated that 
concentration of simpler ergot alkaloids (clavines and lysergic acid derivatives) may be higher 
than ergovaline and play a significant role in fescue toxicosis (Bush and Fannin 2009). Ergot 
alkaloid concentrations generally follow the pattern of seeds > crowns > stems > leaves > roots, 
with maximum concentration occurring in early summer associated with seed maturity and a 
second lower peak in the fall (Bush and Fannin 2009).  
Strains of N. coenophialum have been identified that do not produce ergot alkaloids and 
have been used to develop non-toxic endophyte (NE+) infected tall fescue varieties (Bouton 
2009; Bush and Fannin 2009; Popay and Jensen 2005; Schardl and Panaccione 2005).  These 
new varieties of tall fescue benefit from the positive attributes of the endophyte infection, e.g. 
drought tolerance, improved vigor, stand survival, insect deterrent and insecticidal properties, 
without the negative properties resulting from ergot alkaloids.  Grazing trials comparing E+, 
endophyte free (E-) and NE+ tall fescue varieties have found livestock performance to be similar 
between NE+ and E- tall fescue and far superior to E+ tall fescue (Hoveland 2009; Parish et al. 
2003b).  In grazing trials, average daily gain in lambs (Parish et al. 2003a) and stocker cattle 
(Parish et al. 2003b) was higher in NE+ and E- tall fescue pastures compared to E+.  Stocker 
cattle grazing behavior on NE+ tall fescue pastures was more similar to that of stockers grazing 
E- than E+ tall fescue (Parish et al. 2003b).  Calf birth weight (Watson et al. 2004) and 
subsequent calf growth and weaning weight where higher for cow-calf pairs grazing NE+ 
compared to E+ tall fescue pastures (Caldwell 2010; Watson et al. 2004). 
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Tall fescue-Neotyphodium symbiosis and soil ecology 
Studies investigating E+ fescue pastures with high and low endophyte infection rates 
have found increased microbial biomass in pastures with low endophyte infection 
(Franzluebbers and Stuedemann 2005).  Similarly, greater microbial biomass C was found in 
soils incubated with E- fescue compared to E+ infected leaf material (Franzluebbers and Hill 
2005).  Given the toxic effect of the E+ infected forage on cattle, questions about its impact on 
other organisms has been raised.  A review by Rudgers and Clay (2007) examining endophyte 
infected tall fescue and associated arthropods found wide-ranging effects. The Rudgers and 
Clay (2007) review identified only one study (Humphries et al. 2001) which examined the effect 
of tall fescue endophyte infection and earthworm function.  Humphries et al. (2001) reported 
that the epigeic earthworm Eisenia fetida Savigny grew better on E+ than E- tall fescue leaf 
tissue, speculating that the endophyte may have induced physiological changes in the fescue 
tissue making it more nutritious, e.g. more amino or fatty acids. Omacini et al. (2005) 
highlighted that while the endophyte Neotyphodium coenophialum only infected plant shoots, 
the symbiosis results in changes in the host plant physiology and biochemistry which affects a 
variety of factors from resource allocation, to biomass production and quality of litter 
subsequently available for decomposition, to interactions with soil organisms. In a survey of soil 
invertebrates present in E- and two NE+ tall fescue varieties (two different endophyte strains) 
there were no differences in earthworm numbers among the three treatments (Popay and 
Jensen 2005). 
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Research Rationale 
Review of the available literature concerning earthworms has identified several areas 
where information is lacking or unavailable.  First, no accounts of earthworm community 
compositions in Arkansas have been published since the 1950’s (Causey 1952, 1953).  Survey 
data from the United States, summarized in recent reviews, suggest that non-native species 
may be invading more areas previously inhabited exclusively by native species (Hendrix et al. 
2006; Hendrix and Bohlen 2002; Hendrix et al. 2008; Reynolds 1995).  In improved grasslands in 
California, non-native species may be able to dominate (Winsome et al. 2006) or species 
diversity may decline but natives persist and co-exist with non-native species in Mexico (Brown 
et al. 2004). Identifying key earthworm species in Arkansas should prove invaluable for 
accurately examining the role of different earthworm species in grasslands in different regions.  
A second focus area will be laboratory experiments investigating the effects of different 
earthworm species and ecological group combinations on N cycling and availability for growing 
tall fescue, an important forage species.  Research regarding the interaction of native and non-
native earthworm species of the same or different ecological group in grasslands (native or 
improved) is limited (Brown et al. 2004; Callaham et al. 2001; Winsome et al. 2006).  Few 
studies have examined the effect of fungal endophyte infected grass on earthworms 
(Humphries et al. 2001; Popay and Jensen 2005; Rudgers and Clay 2007). Studies of soil 
microbial communities in E+ fescue pastures have found reduced C and N cycling in E+ 
compared to E- fescue pastures (Franzluebbers and Hill 2005; Franzluebbers et al. 1999; 
Franzluebbers and Stuedemann 2005, 2009). Earthworms are known to facilitate N cycling, but 
information regarding the timing and availability of N attributed to the activities of different 
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earthworm species in soil with NE+ and E+ infected tall fescue is limited. Integrating 
information gathered in the field with the laboratory data should improve our understanding of 
earthworms’ influences on N cycling in pasture systems, ultimately improving the sustainability 
of pasture system management. 
   
Hypotheses and Objectives 
Field Survey - Research Focus 1 
Hypotheses 
Earthworm population and age structure within a given tall fescue field  will depend on 
the earthworm species present, length of time since disturbance, and endophyte strain 
infecting the tall fescue, and will change during an annual cycle. Previous studies have 
suggested there will be species and age structure differences among earthworm populations 
under different abiotic conditions, vegetative covers, and disturbance histories. 
Objective - Hypothesis 
Identify earthworm populations and temporal changes in community structure (juvenile 
and adult) over the course of one year in E+ and NE+ infected tall fescue pastures. 
Laboratory Studies - Research Focus 2 
Hypotheses 
1. The cycling of N from E+ infected tall fescue residue and subsequent N uptake 
will be accelerated by the presence of earthworms. Differences in behavioral characteristics 
between native and non-native species and/or ecological groups will result in different rates of 
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N cycling because earthworm feeding preferences alter resource pools, thus driving changes in 
microbial biomass and activity. 
2. Enhanced litter palatability of NE+ infected tall fescue litter (no toxic ergot 
alkaloids) will increase litter consumption by earthworms and plant N uptake of released N 
regardless of earthworm ecological group. 
Objectives for Hypotheses 1 and 2 
1. Determine if the presence, absence, or combined presence of native and exotic 
earthworms of the same or different ecological group result in differences in N cycling of litter 
derived N. 
2. Quantify 15N cycling through pools (to plant uptake) as affected by ecological 
group and interactions among groups of earthworms in soil growing E+ infected tall fescue.  
 
Experimental Approach  
Field Survey – Research Focus 1 
Earthworms were enumerated and populations were identified during an annual field 
survey of E+ and NE+ tall fescue pastures. 
 
Laboratory Studies – Research Focus 2 
Laboratory incubations of soil cores growing tall fescue were utilized to determine if the 
presence, absence, or combined presence of native or non-native endogeic earthworms, or 
native endogeic and non-native anecic earthworms resulted in different soil, earthworm, and 
plant 15N concentrations from the cycling of 15N-labeled E+ tall fescue litter. Concurrently, NE+ 
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infected tall fescue was utilized to determine if the presence, absence, or combined presence of 
native endogeic and non-native anecic earthworms resulted in different rates of litter 
incorporation and changes in microbial biomass and activity and N cycling relative to 
treatments with E+ tall fescue.   
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Figures  
 
Fig. 1.1. Lysergic acid is the primary building block of ergopeptine alkaloids and other lysergic 
acid derivatives (drawing adapted from Bush and Fannin, 2009).  
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Fig. 1.2. Generalized ergopeptine structure depicting the positions of amino acid one (R1), two 
(R2) and three (R3; always proline in ergopeptine alkaloids).  Completing the chemical structure 
for ergovaline, R1 and R2 would be L-alanine and L-valine, respectively (drawing adapted from 
Bush and Fannin, 2009).  
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CHAPTER 2 
 
ANNUAL EARTHWORM POPULATION DYNAMICS IN TOXIC AND NON-TOXIC 
ENDOPHYTE INFECTED TALL FESCUE FIELDS IN NORTHWEST ARKANSAS 
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Abstract 
Because earthworms are ecosystem engineers and keystone species, understanding 
which populations are present and their temporal dynamics is an important component to 
understanding how they will interact to impact their terrestrial environment. With the ultimate 
goal of better understanding soil ecology to manage pastures growing tall fescue infected with 
either the wild type fungal endophyte Neotyphodium coenophialum Glenn, Bacon & Hanlin (E+) 
or a novel, or non-toxic (non-ergot alkaloid producing) fungal endophyte (NE+), earthworm 
populations were surveyed for one year in four tall fescue pastures (two E+ and two NE+ tall 
fescue fields) in Fayetteville, Arkansas. We hypothesized that differences in the toxicity status 
of the endophyte infecting tall fescue would influence earthworm populations and/or 
abundances.  Adult earthworm abundances did show a seasonal trend of declining numbers 
from January to May (170 to 0 m-2), and an increase in juvenile worms from April through June 
(0 to 148 m-2) before no earthworms were found in July. During the fall sampling period from 
October 2007 through January 2008, juveniles tended to dominate abundances and ranged 
from 18 to 411 m-2 with no clear temporal trends emerging. Native Diplocardia spp. (2 to 35% 
of the adult population) co-existed with two non-native species Aporrectodea caliginosa 
Savigny (8 to 85 % of the adult population) and Ap. trapezoides Dugѐs (10 to 57 % of the adult 
population) in all four pastures. Because adults are needed for species identification, our data 
suggest that earthworms should be collected during late winter and early spring when adult 
earthworms were predominant. Toxicity of fungal endophyte infection (E+ or NE+) did not 
appear to impact population dynamics in native or non-native earthworm abundances, 
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suggesting that the use of NE+ tall fescue in a pasture would not alter the earthworm 
community structure differently than growing E+ tall fescue. 
 
Key Words 
Earthworms, Diplocardia, Aporrectodea, endogeic, demographics, pasture, tall fescue, 
non-toxic endophyte 
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Introduction 
Given the known distributions of earthworm populations, both native and non-native 
earthworm species may inhabit terrestrial ecosystems in Arkansas. Earthworm community 
composition is important because of the multiple roles earthworms play in soil, and because 
the introduction of non-native species is likely to alter interactions and ecological functioning 
distinctly from that involving organisms that co-evolved within an ecosystem. Arkansas is 
located south of the Wisconsinan glaciation, and is thus in a region where earthworms 
indigenous to North America are expected (James 1995). Non-native earthworms also inhabit 
soils in Arkansas (Causey 1952, 1953).  Based on predicted migration patterns (Reynolds 1995) 
and earthworm surveys from surrounding states (Hendrix et al. 2006; Hendrix and Bohlen 2002; 
James 1995; Reynolds 1995), the potential exists for the migration of other non-native species 
into the state. Causey (1952, 1953) highlighted in his publications the need to establish 
monitoring studies to characterize the state’s earthworm populations. However, published data 
on distributions of earthworms in Arkansas are limited to two publications from the 1950’s 
(Causey 1952, 1953).   
Earthworms are keystone species that can substantially impact the biological, chemical, 
and physical properties of terrestrial ecosystems (Edwards 2004; Edwards and Bohlen 1996; Lee 
1985). Any change in the earthworm community ecology can have important and potentially 
disproportionately large effects on ecosystem scale processes. Earthworms facilitate turnover 
of labile and recalcitrant organic matter and alter soil nutrient dynamics, resulting in 
immobilization or mineralization of nutrients (Amador and Görres 2005; Bohlen et al. 1997; 
Costello and Lamberti 2008; Domínguez et al. 2004; Edwards 2004; Edwards and Bohlen 1996; 
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Giannopoulos et al. 2010; Parmelee et al. 1998; Savin et al. 2004). Mineralization of nutrients 
can improve soil fertility and benefit plant growth, but can also increase nutrient loss through 
gaseous emissions and leaching (Stevenson and Cole 1999). Facilitated nutrient cycling that 
leads to immobilization by soil microorganisms can limit the availability of nutrients for plant 
uptake.  
Earthworms alter their physical surroundings through the removal and incorporation of 
surface organic matter, the creation of macropores, and the formation and destruction of soil 
aggregates (Bossuyt et al. 2006; Shipitalo and Le Bayon 2004).  These physical processes can 
improve soil structure permeability, aeration, surface residue incorporation, and sequestration 
of C (Amador and Görres 2005; Bohlen et al. 1997; Edwards and Bohlen 1996; Savin et al. 2004; 
Tomlin et al. 1995), but can also lead to the formation of direct flow paths, and reduced 
retention times, resulting in increased nutrient removal and reduced breakdown of agricultural 
chemicals (Shipitalo and Butt 1999; Shipitalo and Gibbs 2000; Shipitalo and Le Bayon 2004).  
Removal of surface organic matter by non-native earthworms invading forests either previously 
devoid of earthworms [e.g. North American hardwood forests (Bohlen et al. 2004; Fisk et al. 
2004; Groffman et al. 2004)], or previously inhabited by native earthworm species [e.g. 
Appalachian Mountains (Callaham et al. 2003; Snyder et al. 2009)] has been linked to soil 
subsidence and increased runoff and soil erosion.   
Ecosystem conditions such as the plant community and soil disturbance, and seasonal 
changes in temperature and moisture all potentially exert controls on the endemic earthworm 
community and influence the potential for successful establishment of non-native earthworm 
species. Individual earthworm species have unique environmental conditions for optimal 
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growth, such that different soil environmental conditions may be selectively advantageous for 
certain species.  In a native tall grass prairie in Kansas, native Diplocardia spp. have been found 
to have a higher temperature tolerance that provides a competitive advantage over the non-
native, endogeic earthworm Octolasion tyrtaeum when prairies are burned (James 1991) and at 
warmer soil temperatures (Callaham and Blair 1999).  Millican and Lutterschmidt (2007), 
working in a prairie and woodland in Texas showed that the native earthworm Diplocardia 
invecta Gates dominated at the prairie location and achieved a population maximum in 
January, while the non-native earthworm Amynthas corticis dominated at the woodland site 
and achieved a population maximum in June. 
Tall fescue (Lolium arundinaceum (Schreb) S. J. Darbysh) is a cool-season grass that was 
introduced into the United States from Europe and is commonly found in pastures in the 
eastern, central, and southern United States (Hoveland 2009). Tall fescue is naturally infected 
with the fungal endophyte (Neotyphodium coenophialum Glenn, Bacon, & Hanlin; E+). The 
symbiosis benefits the plant by improving its drought tolerance and decreasing its susceptibility 
to predation through the production of a variety of alkaloid compounds (Bush and Fannin 2009; 
Omacini et al. 2005). The ergot alkaloid compounds are toxic to livestock and linked to well 
documented animal health problems (Oliver 2005). Naturally occurring endophyte strains that 
do not produce ergot alkaloids (e.g. non-toxic to livestock) have been used to reinfect 
endophyte-free (E-) tall fescue varieties (designated NE+) to continue to utilize the other 
benefits of the endophyte-tall fescue relationship (Bouton 2000; Bush and Fannin 2009; 
Hoveland 2009). Because aboveground ecological relationships with plants also impact the 
plant and soil ecology belowground such as through litter inputs, root exudates and dead roots, 
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the use of NE+ versus E+ tall fescue could also affect earthworm community composition and 
dynamics. 
There were two objectives of this study: 1) identify earthworm populations and 
temporal population dynamics, and 2) determine if the planting date and/or toxicity status of 
the fungal endophyte strain infecting tall fescue pastures altered the earthworm population 
structures. We hypothesized that weekly surveys would reveal population richness and 
demographics to characterize earthworm populations in tall fescue pastures. Achieving 
objective 1 provides information to plan appropriate sampling to accurately characterize 
population abundances and distributions. We also hypothesized that more recently established 
pasture and ergot alkaloid production from E+ tall fescue would lower earthworm abundances 
and decrease species because of a more recent physical disturbance and the presence of toxic 
ergot alkaloids in the E+ tall fescue leaf residue.  
 
Material and Methods 
Study site 
The study site consisted of four 1.62-ha pastures growing tall fescue (Lolium 
arundinaceum (Schreb) S. J. Darbysh) on a Captina silt loam (fine-silty, siliceous, mesic Typic 
Fragiudult). The site was located at the University of Arkansas, Main Agricultural Experiment 
Station, Fayetteville, AR. Two fields were growing E+ tall fescue and two were growing NE+ tall 
fescue. The E+ tall fescue variety was Kentucky 31 infected with the wild type endophyte and 
the NE+ tall fescue variety was Hi Mag infected with the University of Arkansas strain 4, non-
ergot alkaloid producing endophyte and marketed under the trade name Estancia (Mountain 
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View Seed, Salem, OR).  One pasture of each endophyte-infection type was planted in 1997 
(pasture labels are 1997E+, 1997NE+) and one pasture of each endophyte-infection type was 
planted in 2003 (2003E+, 2003NE+). In addition to tall fescue, all sites had minor amounts of 
crabgrass (Digitaria sanguinalis), yellow foxtail (Setaria pumila), and bermudagrass (Cynodon 
dactylon). The average soil pH in the E+ and NE+ tall fescue pastures was 5.7 and 6.1, 
respectively, measured at a 1:2 (soil:water) ratio (West, pers. comm.). 
Worm collections 
Worms were collected from January, 2007 through July, 2007 (spring) and October, 
2007 through January, 2008 (fall), generally once a week.  On each sampling date, anywhere 
from one to all four pastures was sampled. In each pasture sampled, three collection sites (30 x 
30 cm2) were sampled along a 60-m line transect. Earthworms were collected using the dig and 
sort (DS) method which involved digging out a volume of soil (30 x 30 x 20 cm3) and sorting 
through the volume of soil by hand to locate the earthworms. In the spring samplings (January 
to May) of 1997NE+ and 2003E+, application of a mustard solution (50 g of the mustard powder 
in 7 L H20) as a chemical expellant was applied in some pastures followed by DS. Earthworm 
numbers from those samplings are the sum of earthworms collected by mustard extraction plus 
DS. 
Earthworm preservation and identification  
During collection in the field, earthworms were placed in a labeled specimen cup lined 
with moist paper. Upon return to the laboratory, earthworms were dipped in boiling tap water 
to quickly euthanize them. Earthworm specimens were then straightened, fixed in 5% formalin, 
and placed in test tubes as straight as possible and stored in 5% formalin until identification.  
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Adult earthworms with the presence of a clitellum were identified using taxonomic keys (James 
1990; Schwert 1990).  External features are sufficient for determining the species identification 
of non-native lumbricid earthworms.  Dissections are necessary to identify native earthworms 
to the species level, and so are reported to genus level.  
Soil temperature and moisture 
Soil temperature and volumetric water content were measured every 10 min in two 
adjacent pastures (1997E+ and 2003NE+) at a depth of 10 and 20 cm.  Ten min measurements 
were averaged every 1 hr by the recording program in a CR10X data logger (Campbell Scientific 
Inc., Logan Utah). Hourly averages were stored in the data logger memory until retrieval.  
Temperature thermocouples constructed from chromel-constantant thermocouple wire 
(Omega Engineering Inc., Stamford, CT) and model CS616 water content reflectometers 
(Campbell Scientific Inc., Logan Utah) were utilized.  
Data analysis  
Earthworm abundances were calculated on a per m2 basis and averaged for the three 
individual collections per pasture on a given day. Quadratic regressions were fit to each of the 
eight planting year*endophyte*sampling time (fall and spring samplings considered separately) 
combinations allowing the intercept, slope, and quadratic components to differ for each 
combination.  Outlier removal was based on a visual review of the data graphs in conjunction 
with statistical diagnostics. Analysis of covariance techniques were used to simplify the 
intercepts, slopes, and quadratics until an adequate model was obtained. Data sets analyzed 
included 1) all earthworms (total), 2) all adult worms (adult), 3) adults analyzed separately by 
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species, and 4) all juveniles. Soil temperature and volumetric moisture contents were not 
statistically analyzed, but used qualitatively to infer effects on earthworm abundances. 
 
Results 
Total earthworm abundances in the spring sampling period ranged from a high of 218 
m-2 in late January 2007 to no earthworms being found in the surface 20 cm when sampling was 
discontinued at the end of July 2007 (Fig. 2.1). Total abundances in the spring were variable in 
all four pastures and did not appear to show a consistent decrease in abundances until mid 
June.  This observation is supported by the regression analysis where neither the linear nor 
quadratic functions were different from zero for all four fields during the spring samplings 
(Table 2.1). Sampling resumed for the fall sampling period in early October 2007 and continued 
through January 2008.  Total earthworm abundances ranged from a low of 41 m-2 in early 
October to a high of 607 m-2 in early December (Fig. 2.1). When sampling resumed in the fall 
earthworm abundances were already similar to or higher than the spring sampling period, 
suggesting that populations became active prior to re-initiation of sampling (Fig. 2.1). Large 
ranges of abundances suggest that abundances were larger but also more variable in the fall 
than the spring.  Two abundances were removed as outliers (2003E+, 330 m-2 and 2003NE+, 
607 m-2), and linear and quadratic functions fit to the 2003E+ and 2003NE+ fall data sets were 
significant (Table 2.1). While rates of population change were not constant over time 
(significant quadratic), abundances increased in E+ while they decreased in the NE+ field, such 
that during the last sampling times in January 2008 all fields had abundances between 70 and 
144 m-2. 
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Juvenile earthworm abundances in the spring ranged from zero to a high of 148 m-2 
(Figs. 2.1 and 2.2).  Juvenile populations tended to increase through spring until the observed 
maximums occurred from late May to mid June (Figs. 2.1 and 2.2). The dynamic nature of the 
populations, however, masked this trend in the regression analysis with the exception of a 
significant increase (positive linear function) for the 1997 NE+ pasture (Table 2.2). Juveniles 
were essentially the only developmental stage collected from mid May until sampling was 
suspended in late July (Fig 2.1).  In the fall, average juvenile abundances ranged from 18 to 411 
m-2 across all four fields. Juveniles were generally more abundant than adults in the fall (Fig. 
2.2), and tended to drive total abundances (Fig. 2.1). With outliers removed (2003E+, 282 m-2 
and 2003NE+, 411 m-2), significant linear and quadratic functions were fit to the 2003E+, 
1997NE+, and 2003NE+ fall data sets during regression analysis (Table 2.2). Similar to analysis of 
total abundances, quadratics were significant showing that slope changed over time, but 
abundances increased in 2003E+ and 1997NE+ while they decreased in the 2003NE+ field. By 
the end of the fall sampling period, juvenile abundances were similar across fields and ranged 
from 52 to 89 m-2.  
Adult earthworms did not depend on endophyte type, but were dependent on the 
interaction of planting year and sampling season. Adult abundances were best explained by a 
linear regression (Table 2.3). Adults were abundant in all pastures in the spring sampling from 
late winter through early spring with maximum densities ranging from 106 to 196 m-2 (Figs. 2.2 
and 2.3). The greatest abundance of adult earthworms in the spring was observed at the 
earliest sampling event in late January 2007 in the 1997E+ pasture (Figs. 2.2 and 2.3).  
Abundances decreased significantly during the spring until early June when adult earthworms 
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were no longer being collected to a sampling depth of 20 cm (Figs. 2.2 and 2.3). The linear 
regression slopes and intercepts for the pastures established in 1997 versus 2003 (Table 2.3) 
suggest that population sizes were different when sampling was initiated. Regression analysis 
also indicates that populations in the older pastures established in 1997 decreased twice as fast 
as the populations in the 2003 pastures, but whether this change in population abundance is 
significantly different among pastures cannot be conclusively determined by our analysis. When 
sampling was reinitiated in early October, adult earthworms were present (intercepts were 
significant), and their abundances did not change significantly (slopes were not significant) 
during the duration of the fall sampling (Table 2.3). Adult earthworm abundances were similar 
across all four pastures and ranged from 15 to 118 m-2 with the exception of one elevated 
count of 196 m-2 in the 2003NE+ pasture in late November (Figs. 2.2 and 2.3).   
Averaged daily soil temperatures at a depth of 10 cm ranged from 0.6 to 26.5 °C during 
the spring sampling period, 19.7 to 30.4 °C during the summer period when sampling was 
discontinued, and 1.2 to 22.6 °C during the fall sampling period (Fig. 2.4).  Soil temperatures at 
a depth of 20 cm were similar and trends were consistent between depths (data not 
presented). Soil temperatures generally increased from February 2007 until late August 2007 
and then decreased until January 2008 (Fig. 2.4). Average daily volumetric soil moisture ranged 
from 0.09 to 0.32 cm3 cm-3 during the course of the study. Three periods of extended soil drying 
were observed (Fig. 2.4). The first drying period began in mid-March and continued until mid-
April, reaching a low average daily volumetric soil moisture content of 0.17 cm3cm-3 on April 17, 
2007. This drying period occurred roughly at the same time that adult earthworm numbers 
began to decrease in the spring sampling. The second drying period corresponded with the 
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highest soil temperatures and began in mid-July and reached a low of 0.09 cm3 cm-3 on August 
25, 2007. This period was marked by the absence of earthworms in the top 20 cm of the soil 
and was the period of time that sampling was discontinued. The final period of drying soil 
conditions began in mid-October and reached a low of 0.16 cm3cm-3 on November 25, 2007, 
and may explain some of the variability, observed in the fall sampling period. 
Identification of the adult earthworms resulted in two species of non-native 
earthworms, Aporrectodea caliginosa Savigny and Ap. trapezoides Dugѐs. Native earthworms 
identified to the genus were Diplocardia spp. Regression analysis of the Diplocardia spp. was 
not possible due to the low numbers and frequency in specimen collections.  The maximum 
observed abundances of Diplocardia spp. in the spring and fall ranged from 44 to 22 and 41 to 
26 m-2, respectively, and their relative abundance for the year ranged from 10 to 35 % of the 
adult population in the 1997E+, 1997NE+ and 2003NE+ pastures (Fig. 2.3). Diplocardia spp. 
were rarely collected from 2003E+ and the highest abundances in the spring and fall were 7 and 
4 m-2, respectively, and their relative abundances in the spring and fall were 17 and 2 %, 
respectively,  of the adult population.   
Ap. caliginosa tended to be the predominant species of adult earthworms collected in 
the 1997E+, 1997NE+, and 2003E+ pastures and their relative abundances for the year ranged 
from 50 to 85 % of the adult population. In the spring, Ap. caliginosa was collected from the 
2003NE+ pasture, but the densities were lower than the other pastures, with abundances 
ranging from 0 to 15 m-2.  Average relative abundance was 8 % of the adult population.  This 
trend of low relative abundance was not as pronounced in the fall (Fig. 2.3).  Despite the 
observational differences in abundances, pastures with the different endophyte toxicities were 
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collapsed into one regression equation. Ap. caliginosa abundances in pastures in the spring 
were separated by year of planting rather than endophyte infection.  Ap. caliginosa abundances 
ranged from 0 to 133 m-2 in the spring across all four pastures, although the decrease in 
abundance was significant only for the pastures planted in 1997 and sampled in the spring (Fig. 
2.3, Table 2.4).  Population densities did not change significantly during the fall sampling, 
regardless of year of establishment for pastures (Table 2.4), and ranged from 0 to 78 m-2 across 
all four pastures (Fig. 2.3).  
Ap. trapezoides tended to be less predominant in the pastures compared to Ap. 
caliginosa, and the relative abundance for the year ranged from 10 to 26 % of the adult 
population. However, in the 2003NE+ pasture, the average relative abundance was 57 and 37 % 
of the adult population in the spring and fall, respectively.  Ap. trapezoides ranged from 0 to 56 
and 0 to 52 m-2 in the spring and fall, respectively. The changes in population abundances were 
modeled by the same linear and quadratic functions across all four pastures, and were 
significant in the spring (Table 2.5). Ap. trapezoides abundances decreased significantly in the 
spring, but densities did not change significantly during the fall sampling. Intercepts were 
dependent on sampling season and the interaction of planting year*endophyte. The intercepts 
for Ap. trapezoides in the NE+ 2003 pasture were higher than the other three pastures in both 
the spring and the fall and were the only significant intercepts in the fall (Table 2.5). 
 
Discussion 
Earthworm communities in the E+ and NE+ tall fescue pastures do not appear to be 
affected by the ergot alkaloid toxin producing capabilities of the endophyte-tall fescue 
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symbiosis.  Regression analysis did not differentiate pastures by endophyte infection for adults 
or Ap. caliginosa. The separation of pastures during each sampling season based on Ap. 
trapezoides suggested only that initial populations (intercepts) were significant. Although 
intercepts were significantly different than zero, the analysis does not directly compare 
statistical differences among the pastures. Thus, the differences in intercepts could likely reflect 
variability resulting from the spatial heterogeneity of earthworm populations. Furthermore, 
results of regression analysis of juvenile and total earthworm abundances suggest that 
earthworm communities converge by the end of both the fall and spring samplings.  The lack of 
an endophyte effect on earthworm densities agreed with Popay and Jenson (2005) who 
observed no difference in the number of earthworms in soil samples from New Zealand 
pastures growing E- or NE+ tall fescue.  In both this study and the Popay and Jensen (2005) 
study, the dominant earthworm is Ap. caliginosa.  
The ecological group of earthworm present in the pastures may be an important 
consideration in the magnitude of effect that the fungal endophyte-tall fescue interaction may 
or may not have on the earthworm ecology of the pastures. Primarily non-native, endogeic 
earthworms typically living within the top 20 cm of the soil were collected in this study. These 
earthworms utilize the soil and highly degraded soil organic matter for food and only rarely 
have been found to collect plant debris from the soil surface as a food source (Edwards and 
Bohlen 1996; Lee 1985).  Leaf tissue of tall fescue contains toxic ergot (E+) and other alkaloid 
compounds (E+ and NE+) produced by the endophyte or the plant as a result of the symbiosis. 
Leaf debris on the soil surface is a potential source of alkaloid compounds which may affect 
earthworms. It is possible that earthworms that are categorized into different ecological 
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groups, such as epigeic and anecic earthworms, would be affected more dramatically by 
alkaloid compounds in the tall fescue leaf residue since these earthworms ingest plant detritus. 
Alternatively, endophyte derived alkaloids may not affect, or may positively affect, earthworms. 
The epigeic earthworm Eisenia fetida increased in biomass when consuming E+ or E- tall fescue 
leaf tissue as a food source, but the increase in biomass was significantly greater in the worms 
feeding on E+ tall fescue leaf tissue (Humphries et al. 2001).  Eisenia fetida biomass losses were 
similar when consuming root tissue of either endophyte status as the only food source 
(Humphries et al. 2001). 
A difference of approximately six years between pasture establishments (1997 vs. 2003 
planting) seems to explain some of the differences observed between the pastures in adult 
abundances, Ap. caliginosa in particular. No record of the earthworm populations that 
inhabited the area prior to establishment of these pastures was available. Worms are known to 
migrate fairly slowly (Hendrix et al. 2006; Hendrix et al. 2008), and so might be expected to 
slowly recolonize a disturbed area if disrupted or eliminated from a location as a result of 
disturbance such as cultivation. The sequence of earthworm introductions into an area 
generally proceeds with epigeic species, followed by endogeic species, and last the slower 
moving anecic species (James and Hendrix 2004). Also, the longer the grass stand has been 
present, the more opportunity it has had to establish, thereby potentially altering soil 
properties and earthworm abundances. The presence of an introduced grass in these pastures 
could be resulting in a positive relationship on the non-native, but not the native earthworms. 
Non-native earthworms have been found in greater densities under non-native versus native 
vegetation in a hardwood forest in New Jersey (Kourtev et al. 1999). It is not clear if the 
43 
introduction of non-native plants facilitated the population growth of non-native worms, or if 
the presence of non-native worms promoted the growth of the non-native plants. Regardless, 
both epigeic and endogeic worms were present in the forest, and non-native plant and non-
native worm interactions mutually promoted the growth of each other (Kourtev et al. 1999).   
The inability of native earthworm species to tolerate soil disturbance and changing soil 
environmental conditions (James and Hendrix 2004) could explain the smaller population of 
native Diplocardia spp. relative to Ap. caliginosa in our pastures.  Soil disturbance events can 
impact an established earthworm community, and may result in a reduction in specific 
populations or a change in the species composition of the community (Hendrix et al. 2006).  
Furthermore, disturbance events can facilitate the introduction and establishment of non-
native earthworm populations within areas previously inhabited by native earthworm 
populations.  A model with three disturbance levels was presented by Hendrix et al. (2006) to 
explain the establishment of non-native earthworms in ecosystems previously inhabited by 
native species.  Native earthworms are completely eliminated, reduced, or unaffected following 
severe, moderate, or minimal disturbance, respectively. The elimination of native species 
following a severe disturbance event can facilitate the establishment of an earthworm 
community comprised of all non-native species.  Native species following a moderate 
disturbance event may rebound and co-exist with non-native species. Alternatively, the non-
native species may be better able to compete for resources resulting in the loss of native 
species from the community. Finally, the native earthworm community may remain intact and 
unaffected following minimal disturbance; if non-native species do establish, they will co-exist 
with native populations. 
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Soil conditions, i.e. temperature and moisture, have long been recognized as important 
controlling factors in the activity and population age structure of earthworm communities. 
Seasonal differences were apparent in the regression analysis of total, adult, juvenile, and 
individual species of earthworms. Our observation of higher adult numbers in the late winter 
and early spring months followed by the predominance of juvenile earthworms was consistent 
with other studies (summarized by Edwards and Bohlen, 1996).  A survey of earthworms in five 
Australian pastures found that the highest populations of adult Ap. trapezoides and Ap. 
caliginosa occurred in the winter and early spring months and that few adults survived through 
the summer months (Baker et al. 1992). Peaks in earthworm reproductive cocoons typically 
occur in the spring and early summer (Edwards and Bohlen 1996). The duration of time it takes 
for an earthworm to mature in a cocoon is species dependent, but environmental conditions 
seem to play some regulatory role. The ability of cocoons to resist both high temperatures and 
desiccation is one mechanism to ensure species survival during the hot, dry summer period 
(Edwards and Bohlen 1996). Adult and juvenile earthworms also deal with temperature and 
moisture extremes by moving deeper into the soil profile and/or entering quiescence or 
diapause to conserve moisture (Edwards and Bohlen 1996). Baker et al. (1992) observed that 
Ap. trapezoides and Ap. caliginosa moved below the top 20 cm of soil and entered diapause 
during the summer months.  
Temperature driven differences in the timing of population peaks and/or dominance 
between native and non-native earthworms were not detected in this study. In tall grass 
prairies in Kansas, non-native earthworms moved deeper into the soil or entered a resting state 
during the summer while native earthworms tended to remain active (Callaham et al. 2001; 
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James 1991). The native Diplocardia spp. in Kansas are better suited to remain active during 
periods of warm, dry soil conditions than the non-native Octolasion tyrtaeum. Similar results 
were not found in this study.  Seasonal differences in the activity of native or non-native 
earthworms, has implications for ecosystem functioning, such as nutrient cycling dynamics. 
Studies in Kansas found that the native Diplocardia spp. increased nutrient availability due to 
higher rates of soil processing (James 1991), but also facilitated competition for nutrients (N in 
particular) between plants and microbes (Callaham et al. 2001). In contrast, the abundance of 
adult, non-native Amynthes corticis were highest in June and native Diplocardia invects were 
highest in January in two contrasting ecosystems, woodland and prairie respectively, in 
Huntsville, TX (Millican and Lutterschmidt 2007).  The non-native Amynthes corticis earthworm 
may be better adapted to higher soil temperatures and lower soil moisture than the native 
earthworm species (Millican and Lutterschmidt 2007). 
In summary, based on the year-long sampling of earthworms in four Northwest 
Arkansas tall fescue pastures, the most appropriate times for sampling to collect the highest 
abundances of worms based on our surveys are October through March. However, if the 
objective is to collect adult worms which are necessary to identify earthworm species, sampling 
for earthworm identifications may prove more fruitful if conducted in late winter through early 
spring when the highest abundances of adult earthworms occurred. However, earthworm 
populations are both spatially and temporally heterogeneous, such that high or low numbers 
may be found even at times of the year, which generally yield the greatest population 
abundances. Our analysis indicated that E+ and NE+ tall fescue does not have distinct impacts 
on earthworm abundances.  However, year of pasture planting did result in differences in the 
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regression analysis of adult earthworms, Ap. caliginosa in particular, collected during our spring 
sampling.  Juvenile earthworm populations tended to be inversely related to adult populations 
in the spring and comprised a large proportion of the total population in the fall sampling. In all 
four pastures native Diplocardia spp. co-existed with two non-native species, the predominant 
Aporrectodea caliginosa and Ap. trapezoides. Management decisions to plant NE+ tall fescue in 
place of E+ fescue are not expected to alter earthworm ecology in pastures, at least within the 
first decade after establishment. This is important because earthworms are ecosystem 
engineers and keystone species, and thus can control belowground ecosystem dynamics and 
functions.   
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Tables and Figures  
Table 2.1. Quadratic regression analysis results of total earthworm abundances in tall fescue 
fields for the three way interaction of planting year*endophyte*sampling season. 
Planting 
Year 
Endo.1 
type 
Spring2  Fall 
Estimate Std Err P-value  Estimate Std Err P-value 
Intercept        
1997 E+ 157.83 34.0 <0.0001  182.8 37.0 <0.0001 
2003 E+ 49.8 69.2 0.47  17.4 39.7 0.66 
1997 NE+ 177.2 66.7 0.009  162.9 37.0 <0.0001 
2003 NE+ 71.7 42.8 0.1  311.5 37.6 <0.0001 
Linear        
1997 E+ -0.80 0.95 0.40  -1.21 1.71 0.48 
2003 E+ 0.74 1.45 0.61  4.07 1.74 0.02 
1997 NE+ -1.05 1.44 0.47  1.12 1.71 0.51 
2003 NE+ 0.40 1.08 0.71  -6.68 1.84 0.0005 
Quadratic        
1997 E+ 0.001 0.005 0.87  0.011 0.015 0.45 
2003 E+ -0.005 0.007 0.47  -0.032 0.016 0.04 
1997 NE+ 0.001 0.007 0.83  -0.015 0.015 0.32 
2003 NE+ -0.003 0.005 0.55  0.049 0.016 0.004 
1Endophyte (Endo.) types refer to toxic (E+) and non-toxic (NE+) endophyte infected tall fescue. 
2Spring (Jan 2007 to Jul 2007) and fall (Oct 2007 to Jan 2008) denote the two sampling seasons 
during which earthworms where collected. 
3Bold indicates significance at P ≤ 0.05. 
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Table 2.2. Quadratic regression analysis results of juvenile earthworm abundances in tall fescue 
fields for the three way interaction of planting year*endophyte*sampling season. 
Planting 
Year 
Endo.1 
type 
Spring2  Fall 
Estimate Std Err P-value  Estimate Std Err P-value 
Intercept        
1997 E+ 13.0 25.3 0.61  132.43 27.6 <0.0001 
2003 E+ -49.1 51.5 0.34  4.0 29.6 0.89 
1997 NE+ -70.0 49.7 0.16  28.9 38.1 0.45 
2003 NE+ -18.0 31.9 0.57  229.1 28.0 <0.0001 
Linear        
1997 E+ 0.84 0.71 0.24  -1.04 1.27 0.41 
2003 E+ 1.61 1.08 0.14  3.12 1.29 0.018 
1997 NE+ 2.15 1.07 0.047  3.84 1.61 0.019 
2003 NE+ 1.29 0.80 0.11  -5.75 1.37 <0.0001 
Quadratic        
1997 E+ -0.004 0.004 0.33  0.009 0.011 0.43 
2003 E+ -0.006 0.005 0.21  -0.024 0.012 0.04 
1997 NE+ -0.009 0.005 0.08  -0.034 0.014 0.02 
2003 NE+ -0.005 0.004 0.19  0.044 0.012 0.0005 
1Endophyte (Endo.) types refer to toxic (E+) and non-toxic (NE+) endophyte infected tall fescue. 
2Spring (Jan 2007 to Jul 2007) and fall (Oct 2007 to Jan 2008) denote the two sampling seasons 
during which earthworms where collected. 
3Bold indicates significance at P ≤ 0.05. 
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Table 2.3. Linear regression results for adult earthworm abundances in tall fescue fields for the 
interaction of planting year*sampling season. 
Planting 
Year 
Survey 
Season 
Slope  Intercept 
Estimate Std Err P-value  Estimate Std Err P-value 
1997 Spring1 -1.062 0.13 <0.0001  145.2 11.3 <0.0001 
2003 Spring -0.53 0.16 0.0015  76.9 13.4 <0.0001 
1997 Fall -0.04 0.18 0.81  53.5 10.1 <0.0001 
2003 Fall -0.26 0.18 0.14  53.5 10.1 <0.0001 
1Spring (Jan 2007 to Jul 2007) and fall (Oct 2007 to Jan 2008) denote the two sampling seasons 
during which earthworms where collected. 
2Bold indicates significance at P ≤ 0.05. 
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Table 2.4. Linear regression results for Ap. caliginosa earthworm abundances in tall fescue 
fields for the interaction of planting year*sampling season. 
Planting 
Year 
Survey 
Season 
Slope  Intercept 
Estimate Std Err P-value  Estimate Std Err P-value 
1997 Spring1 -0.432 0.1 <0.0001  62.1 8.3 <0.0001 
2003 Spring 0.13 0.16 0.41  9.4 10.8 0.39 
1997 Fall -0.01 0.13 0.94  26.7 7.1 0.0003 
2003 Fall -0.02 0.12 0.98  23.3 7.1 0.0016 
1Spring (Jan 2007 to Jul 2007) and fall (Oct 2007 to Jan 2008) denote the two sampling seasons 
during which earthworms where collected. 
2Bold indicates significance at P ≤ 0.05. 
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Table 2.5. Regression analysis results of Ap. trapezoides earthworm abundances in tall fescue 
fields.  The main effect of season and the two-way interaction of planting year*endophyte were 
significant for the intercept. The main effect of sampling season was significant for the linear 
and quadratic coefficients. 
Planting 
Year 
Endo.1 
type 
Spring2  Fall 
Estimate Std Err P-value  Estimate Std Err P-value 
Intercept        
1997 E+ 37.53 4.3 <0.0001  4.11 3.4 0.24 
2003 E+ 35.1 5.0 <0.0001  1.73 3.2 0.59 
1997 NE+ 37.9 4.9 <0.0001  4.46 3.1 0.16 
2003 NE+ 44.1 4.6 <0.0001  10.70 3.1 0.0012 
Linear -0.61 0.15 0.0002  0.12 0.13 0.34 
Quadratic 0.0003 0.001 0.015  -0.0008 0.001 0.45 
1Endophyte (Endo.) types refer to toxic (E+) and non-toxic (NE+) endophyte infected tall fescue. 
2Spring (Jan 2007 to Jul 2007) and fall (Oct 2007 to Jan 2008) denote the two sampling seasons 
during which earthworms where collected. 
3Bold indicates significance at P ≤ 0.05. 
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Fig. 2.1. Total and juvenile earthworm abundances from January 2007 to January 2008 for each 
of four tall fescue pastures.  Pastures were established in two different years, 1997 and 2003, 
and at the time of establishment in each planting year, one pasture each was seeded with toxic 
(E+) or non-toxic (NE+) endophyte infected tall fescue. The spring sampling period occurred 
from January through July 2007, and the fall sampling period occurred from October 2007 
through January 2008. 
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Fig. 2.2. Adult and juvenile earthworm abundances from January 2007 to January 2008 for each 
of four tall fescue pastures.  Pastures were established in two different years, 1997 and 2003, 
and at the time of establishment in each planting year, one pasture each was seeded with toxic 
(E+) or non-toxic (NE+) endophyte infected tall fescue. The spring sampling period occurred 
from January through July 2007, and the fall sampling period occurred from October 2007 
through January 2008. 
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Fig. 2.3. Adult, Aporrectodea caliginosa, Ap. trapezoides, and Diplocardia spp. earthworm 
abundances from January 2007 to January 2008 for each of four tall fescue pastures.  Pastures 
were established in two different years, 1997 and 2003, and at the time of establishment in 
each planting year, one pasture each was seeded with toxic (E+) or non-toxic (NE+) endophyte 
infected tall fescue. The spring sampling period occurred from January through July 2007, and 
the fall sampling period occurred from October 2007 through January 2008. 
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Fig. 2.4. Daily soil temperature and volumetric moisture content at a depth of 10 cm in the toxic 
endophyte infected tall fescue pasture planted in 1997 (1997E+) from January 2007 through 
January 2008. 
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CHAPTER 3 
 
INCORPORATION AND N CYCLING OF TOXIC AND NON-TOXIC ENDOPHYTE INFECTED 
TALL FESCUE LITTER IN SOIL WITH ANECIC AND ENDOGEIC EARTHWORMS 
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Abstract 
The introduction of non-native earthworms may change earthworm ecology and N 
cycling in terrestrial systems. Earthworms are important facilitators of plant residue 
decomposition, and the fungal endophyte infection of aboveground plant tissue may influence 
earthworm decomposition of grasses such as tall fescue Lolium arundinaceum (Schreb) S. J. 
Darbysh.  To investigate the impacts of earthworm species and feeding strategies on nutrient 
cycling in tall fescue pasture soil, a laboratory incubation was conducted using Captina silt loam 
growing toxic (E+) or non-toxic (NE+) fungal endophyte (Neotyphodium coenophialum Glenn, 
Bacon and Hanlin) infected tall fescue. Loss of surface litter, and microbial, dissolved, and total 
soil N concentrations were measured in soil with native, endogeic Diplocardia meansi Gates, 
non-native, endogeic Aporrectodea trapezoides Dugѐs or non-native, anecic Lumbricus 
terrestris Savigny, or a mix of native and non-native earthworms. No significant consumption of 
surface litter occurred in the presence of native or non-native, endogeic earthworms.  Anecic 
earthworms consumed E+ litter sooner and removed a greater quantity relative to NE+ litter. 
When only endogeic earthworms were present in E+ tall fescue cores, concentrations of 
dissolved total (DTN) and nitrate (5-to-10 cm depth), and total N (10-to-20 cm depth) tended to 
follow the trends of mixed (native and non-native) equal to native but greater than non-native 
and no earthworms, and native worms equal to non-native and greater than no earthworms. 
With the introduction of a non-native, anecic earthworm, soil respiration, and nitrate and DTN 
concentrations (10-to-20 cm) were significantly higher compared to the native, endogeic 
earthworm in the E+ tall fescue cores. In NE+ cores, where litter consumption lagged in 
comparison to E+ cores, soil respiration, DTN, and nitrate were not significantly different across 
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all treatments containing earthworms. Combinations of anecic and endogeic earthworms did 
not increase litter decomposition, activity, or soil N concentrations to a greater extent than soil 
with single earthworm populations. These results indicate that, while all earthworms increase N 
availability, the timing and extent of litter decomposition and N cycling will change significantly 
based on the interactions of earthworm evolutionary origin and ecological strategies and 
aboveground fungal-plant symbiosis.  
 
Key Words 
Earthworm, Tall Fescue, Endophyte, Soil, Nitrogen, Aporrectodea, Diplocardia, Lumbricus, 
Anecic, Endogeic  
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Introduction 
Tall fescue (Lolium arundinaceum (Schreb) S. J. Darbysh) is an important cool season 
forage, covering an estimated 14 to 20 million ha. Tall fescue is utilized by the livestock industry 
for hay production and grazing pastures in the eastern, central, and southern United States 
(Bouton 2000; Hoveland 1993, 2009). In the mid-south and southeastern U.S., the infection of 
tall fescue by the fungal endophyte Neotyphodium coenophialum Glenn, Bacon and Hanlin is 
important for stand persistence. These regions are also home to both native and non-native 
earthworms. Earthworms are ecosystem engineers that change soil physical and chemical 
properties and impact organisms across multiple levels of the soil food web (Amador and 
Görres 2005; Amador et al. 2003; Amador et al. 2005; Edwards et al. 1995; Görres et al. 2001; 
Lavelle 1988; Savin et al. 2004; Shipitalo and Le Bayon 2004). In systems where native and non-
native earthworms co-exist, the introduction of non-native species can introduce earthworms 
using a different ecological strategy. Non-native earthworms may have different resource 
requirements and be active at different times of the year; thus, availability of nutrients in soil 
may be altered.   
Differences between native and non-native earthworms impact nutrient availability and 
plant uptake. The competitive success of different species may depend on resource availability. 
Aporrectodea trapezoides Savigny (non-native) required greater food resource availability than 
Arilophilus marmoratus (native) to achieve maturity (Winsome et al. 2006). In resource-poor 
grasslands of California, Ap. trapezoides depletes available resources, limiting its ability to 
colonize new areas. In resource-rich grasslands, Ap. trapezoides may out-compete or prevent 
Ar. marmoratus from recolonizing soil as a result of faster growth and earlier onset of sexual 
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maturity (Winsome et al. 2006).  In a tall-grass prairie in Kansas, native, endogeic earthworms 
(Diplocardia spp.) had greater activity than the non-native, endogeic earthworm (Octolasion 
tyrtaeum Savigny) under warm and dry conditions (Callaham et al. 2001; James 1991).  The 
availability of N for growing plants was reduced in the presence of the native Diplocardia spp., 
possibly because earthworm activity stimulated soil microbial activity and immobilized N into 
microbial biomass, leaving less N for plant uptake (Callaham et al. 2001).   
Earthworms are grouped into three major ecological groups, epigeic (litter dwelling), 
endogeic (soil dwelling), and anecic (vertical-burrowing), based on burrow structure, habitat 
location, and feeding strategy (Edwards and Bohlen 1996; Hendrix and Bohlen 2002; Lee 1985). 
The semi-permanent burrows of anecic earthworm species improve soil aeration and water 
infiltration, and through feeding habits remove surface residue and incorporate that residue 
into the soil profile (Amador et al. 2006; Görres et al. 2001; Hendrix and Bohlen 2002). Endogeic 
earthworm species change soil structure as they burrow horizontally through the soil 
consuming organic matter (Hendrix and Bohlen 2002; James and Hendrix 2004). Epigeic 
earthworm species do not tend to affect soil structure directly, but are responsible for 
mechanical breakdown of surface residue and subsequently promote microbial mineralization 
(Hendrix and Bohlen 2002).  Soil processes are influenced differently by earthworm species of 
different ecological strategies.   
In addition to belowground ecological interactions, aboveground ecological interactions 
can alter plant organic matter (OM) inputs into soil through changes in root structure and 
exudates and from litter inputs. Pasture management using toxic endophyte Neotyphodium 
coenophialum infected (E+) tall fescue is challenged by well documented animal health 
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problems that result from the production of toxic ergot alkaloids (Oliver 2005). Endophyte 
strains have been identified that do not produce toxic ergot alkaloids, but still produce other 
alkaloids that benefit the tall fescue.  These non-toxic endophyte strains have been used to 
infect endophyte free (E-) tall fescue varieties resulting in the production of novel, or non-toxic, 
endophyte infected (NE+) tall fescue varieties. The NE+ varieties have the plant benefits of the 
endophytic infection, but do not produce the toxic ergot alkaloids (Bush and Fannin 2009; 
Popay and Jensen 2005; Schardl and Panaccione 2005). Improved animal health has been 
observed from pasture management programs utilizing NE+ tall fescue compared to E+ tall 
fescue (Caldwell 2010; Hoveland 2009; Parish et al. 2003a; Parish et al. 2003b; Watson et al. 
2004). Successful incorporation of NE+ tall fescue into management plans has implications for 
plant residue decomposition, nutrient cycling, and the health and sustainability of pasture 
ecosystems.  
While the fungus Neotyphodium coenophialum infects plant shoots, the symbiosis 
changes host plant physiology and biochemistry (Omacini et al. 2005). The fungal infection 
affects resource utilization - e.g. improved N and water use efficiencies - and allocation - e.g. 
altered concentrations of root and shoot tissue nutrients and secondary metabolites (alkaloids 
and phenolic compounds). The symbiosis can improve plant persistence and quality of litter 
subsequently available for decomposition (Omacini et al. 2005). However, the amount, quality, 
and biochemical composition of the host plant tissues can alter animal grazing preferences and 
decrease above and belowground insect predation (Omacini et al. 2005). Toxic endophyte 
infected tall fescue has wide ranging effects on arthropods, and has reduced some species 
while having minimal or no effect on other species (reviewed in Rudgers and Clay, (2007).   
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Rudgers and Clay (2007) reported reduced litter decomposition in E+ compared to E- 
litter over a 10-month period. Increased microbial biomass has been measured in soil with low 
endophyte infection rates of E+ tall fescue or E- tall fescue compared to E+ infected leaf 
material (Franzluebbers and Hill 2005; Franzluebbers and Stuedemann 2005). Total C and N 
increased in soils growing tall fescue with high compared to low rates of E+ infection 
(Franzluebbers and Stuedemann 2005). The results of these studies suggest that E+ reduces the 
size and activity of the microbial community, which in turn reduces decomposition, and allows 
for accumulation of organic matter. 
Few studies have focused on the effects of E+ tall fescue on earthworms.  Humphries et 
al. (2001) reported that the epigeic earthworm Eisenia fetida grew better on E+ than E- tall 
fescue leaf tissue, speculating that the endophyte may have induced physiological changes 
making the tall fescue more nutritious. Rattray et al. (2010) examined the ability of the gut flora 
of Eisenia fetida to breakdown the alkaloid ergovaline and found few differences in the gut 
microbial community structure of earthworms fed an E+ and E- diet.  The authors speculated 
that the degradation of ergovaline in the earthworm gut  may be related to a native population 
of microorganisms that was not identified (Rattray et al. 2010).  A recent review of the 
literature found only one study involving NE+ tall fescue and earthworms. In a survey of soil 
invertebrates present in endophyte free (E-) and two NE+ tall fescue varieties (two different 
endophyte strains), there were no differences in earthworm numbers among the three 
treatments (Popay and Jensen 2005). Presently, there is no information differentiating the 
effects of NE+ compared to E+ tall fescue on soil biota and nutrient availability. This information 
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is of critical importance to develop a more complete understanding of the ecosystem-scale 
implications of promoting NE+ tall fescue-based management systems. 
In this study, our objectives were to determine if 1) introduction of non-native 
earthworms of the same or different ecological classification altered microbial activity to result 
in greater or less N availability in soil; and 2) changes from introductions of non-native 
earthworms were consistent across NE+ and E+ tall fescue. Our research hypotheses were 1) 
available N concentrations in soil will be higher in the presence of two different earthworm 
species because earthworm niche differentiation will lead to enhanced decomposition and N 
release; and 2) NE+ fescue will enhance litter palatability (no toxic ergot alkaloids) resulting in 
increased litter loss from the soil surface, and increased microbial biomass and activity in soil.  
 
Material and Methods 
Experimental Design and Study Establishment 
Laboratory study 1 (S1) and study 2 (S2) were initiated in 2007 and 2009, respectively. 
Both S1 and S2 contained soil previously growing toxic endophyte infected (E+) tall fescue as 
well as E+ plants and litter, hereafter referred to as S1E+ and S2E+. A second component of S2, 
contained soil previously growing non-toxic endophyte infected (NE+) tall fescue as well as NE+ 
plants and litter, hereafter referred to as S2NE+. Both studies were constructed as completely 
randomized designs with four treatments. The treatments in S1 were 1) no earthworms (NO1); 
2) two non-native, endogeic Aporrectodea trapezoides earthworms (AP); 3) two native, 
endogeic Diplocardia meansi Gates earthworms (D); and 4) one each Ap. trapezoides and D. 
meansi earthworm (AP+D). The treatments in S2 were 1) no earthworms (NO2); 2) two non-
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native, anecic Lumbricus terrestris L. earthworms (AN); 3) two native, endogeic D. meansi 
earthworms (EN); and 4) one each L. terrestris and D. meansi earthworm (AN+EN). Each 
treatment by sampling time was replicated four times and sampling occurred in S1 on day 1, 6, 
21, 49 and 98 following the addition of surface litter and in S2 on day 7, 21 and 42 following the 
addition of earthworms and surface litter. At the initiation of S2, four additional S2E+ and 
S2NE+ cores were constructed and sampled.  
Soil for S1, Captina silt loam (fine-silty, siliceous, mesic Typic Fragiudult), was collected 
from the surface 15-cm of a grassed area growing E+ tall fescue at the University of Arkansas, 
Main Agricultural Experiment Station, Fayetteville, AR.  Soil was sieved through a 6-mm screen 
in the field to remove course fragments, grass and roots and to homogenize the collected soil. 
Soil for S2, Captina silt loam, was collected separately from the surface 15-cm of adjacent hay 
fields growing E+ and NE+ tall fescue at the University of Arkansas, Livestock and Forestry 
Branch Station, Batesville, AR.  Soil was collected as described for S1 and was then frozen for 10 
days, air-dried, ground with a mortar and pestle, and passed through a 1-mm sieve (to 
eliminate soil organisms and soil structure). Baseline characterization of soils prior to 
constructing the cores included soil texture, pH, EC, analysis of Mehlich-III extractable P, K, Ca, 
and Mg, and total C and N (Table 3.1).  
Litter for the studies was created by chopping previously frozen E+ or NE+ tall fescue 
into 2.5-cm pieces, and incubating the moist plant tissue at room temperature in an open 
plastic bag for about 20 days to allow microbial colonization and activity to establish and 
initiate decomposition.  The E+ tall fescue used in S1E+ and S2E+, was grown in a greenhouse, 
cultivated in sand, and fertilized with a modified Hoagland’s solution (Hoagland and Arnon 
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1938). Hoagland’s solution was added in sufficient quantities to supply N at a rate equivalent to 
75 kg N ha-1 harvest-1 assuming a 6-week harvest interval. The NE+ tall fescue used in S2NE+ 
was collected from a NE+ tall fescue pasture at the University of Arkansas, Livestock and 
Forestry Branch Station, Batesville, AR. 
Diplocardia meansi, a native, endogeic earthworm (S1 and S2), was collected from a 
residential site in Goshen, AR. Non-native, endogeic (Ap. trapezoides; S1) and anecic (L. 
terrestris; S2) earthworms were obtained from local bait shops. Prior to initiating the study, 
earthworms were sorted, monitored for several days to ensure viability in the laboratory, and 
identifications were confirmed.  
Soil cores were constructed from polyvinyl chloride (PVC) pipe (10-cm inside diameter) 
cut into 30-cm lengths and split in half lengthwise.  The two half pieces of pipe were held 
together with duct tape. The bottom of the cores were fitted with fiberglass mesh (held in place 
with a plastic wire tie) to retain the soil and prevent earthworm escape.  The cores were filled 
with soil to obtain a bulk density of 1.1 g cm-3 and a soil depth of 20 cm.  Water was added and 
soil moisture in the cores was maintained between 40 and 60% water-filled pore space 
throughout the study.  Three (S1E+) or six (S2E+) E+ tall fescue, (“Kentucky-31”) or six (S2NE+) 
NE+ tall fescue, (“Ark Plus 4”) seedlings were transplanted and allowed to grow for four months 
(S1) or two weeks (S2) before the earthworms and litter were added. In S1, earthworms (two 
per core) were added to the core six days and moist tall fescue litter (15 g wet weight) one day 
prior to sampling the first set of cores. In S2, earthworms (two per core) and moist fescue litter 
(10 g wet weight) were added to the soil surface concurrent with sampling the time 0 cores. 
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Surface litter was not replenished during the duration of the studies. The day:night period for 
S1 was 14:10 h  and for S2 was 16:8 h. 
Sampling Protocol and Analyses 
After incubation at room temperature for 1, 6, 21, 49 and 98 days (S1) or 7, 21 and 42 
days (S2), 16 cores (four replicates of each of the four treatments) were sampled destructively.  
Litter remaining on the soil surface was removed. The percent litter remaining was calculated 
on a dry weight (DW) basis as follows:  
(litter recovered/initial litter added)*100 [3.1] 
Growing tall fescue was cut flush with the soil surface. Aboveground grass biomass and litter 
was weighed separately, oven-dried at 55°C (S1) or freeze dried (S2) to a constant weight, 
reweighed and ground with a Thomas Wiley® Mini-Mill (Thomas Scientific, Swedesboro, NJ) to 
pass through a #40-mesh screen, and stored in a desiccator until analysis.  Litter and grass N 
was measured by combustion on a PDZ Europa ANCA-GSL elemental analyzer (Sercon Ltd., 
Cheshire, UK; S1E+ and S2E+) or an Elementar Rapid N (Elementar Americas Inc., Mt. Laurel, NJ; 
S2NE+).  Subsets of both litter and grass were analyzed for ergot alkaloids using a semi-
quantitative phytoscreen competitive ELISA kit for ergot alkaloids (Agrinostics Ltd. Co., 
Watkinsville, GA). 
Carbon dioxide fluxes were measured following the removal of litter and grass in S2.  A 
rubber enclosure was fitted over the PVC cores and plumbed to a photoacoustic field gas-
monitor INNOVA 1412 (LumaSense™ Technologies, Santa Clara, CA) fitted with an optical filter 
for the analysis of CO2. With the rubber enclosure in place on the core, it created a headspace 
of known volume.  Soil gas emissions were measured at 1 min intervals from the time the 
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rubber enclosure was attached for 10 min. The sample gas was returned to the system to avoid 
creating a vacuum effect. A CO2 flux rate was calculated by fitting a linear regression equation 
to gas concentration versus time. 
At sampling, the soil core was split in half lengthwise (S1 and S2).  Visual observations of 
plant rooting, earthworm burrows, and earthworm locations were recorded.  Depth increments 
0-to-5 cm, 5-to-10 cm, and 10-to-20 cm (S1), and 0-to-10 cm and 10-to-20 cm (S2), from the soil 
surface were sampled separately, with the 10-to-20 cm depth collected first. No attempts were 
made to separate roots from soil. 
During soil collection, earthworms were collected, placed in a container with a 
moistened Kim-wipe and gut-voided for 24 hours.  The earthworms (2 per core) were then 
frozen, weighed, oven dried at 55° (S1) or freeze dried (S2), weighed again and ground with a 
mortar and pestle and stored in a desiccator until analysis. Percent change in earthworm body 
weight was calculated on a DW basis as follows: 
(DW of worms at sampling/calculated DW of worms at day 0)*100 [3.2] 
Calculated DW of earthworms at day 0 was calculated as follows: 
(1-AvgM)*fresh weight [3.3] 
where AvgM = average moisture content for a subset of earthworms, that were gut-voided for 
24 hours and dried, at the time of earthworm addition (day 0). Earthworm tissue N was 
measured by combustion as described for grass and litter.  
Soil (~15 g) was dried at 55°C for 5 days to determine soil moisture and then ground 
with a mortar and pestle for total N (Ntot). Total N was determined by combustion on a PDZ 
Europa ANCA-GSL elemental analyzer (Sercon Ltd., Cheshire, UK; S1E+ and S2E+) or an 
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Elementar Variomax (Elementar Americas Inc., Mt. Laurel, NJ; S2NE+). Moist soil was analyzed 
for dissolved total N (DTN), extractable nitrate (NO3
--N), and ammonium (NH4
+-N) using a single 
extraction approach (Jones and Willett 2006). Soil (8.0 ± 0.05 g moist unfumigated soil) was 
extracted with 0.5 M K2SO4 at a ratio of 1:5 soil-to-solution (wt:vol).  Samples were shaken for 1 
h on a reciprocating shaker and filtered through Whatman #42 filter paper. The concentration 
of DOC in the extracts was determined with a Shimadzu TOC-V PC-controlled total organic 
carbon analyzer (Shimadzu, Columbia, MD). Ammonium-N and NO3
--N concentrations were 
determined colorimetrically on a Skalar segmented-flow autoanalyzer (Skalar Inc, Norcross, 
GA). The salicylate hypochlorite procedure was used for NH4
+-N and a modified Griess-Ilosvay 
procedure utilizing Cd/Cu reduction to reduce NO3
- to NO2
- was used for NO3
--N (Mulvaney 
1996). Inorganic N (Ni) was calculated by adding NO3
--N and NH4
+-N.  An aliquot (5 ml) of the 
extracts were oxidized to convert all of the N forms to NO3
- by persulfate oxidation for 
determination of DTN (Cabrera and Beare 1993). Dissolved organic nitrogen (DON) was 
calculated by subtracting Ni from DTN (Jones and Willett 2006).  
Microbial biomass N (Nmic) was determined by the chloroform-fumigation-extraction 
method (Cabrera and Beare 1993; Horwath and Paul 1994; Vance et al. 1987).  A soil sample 
was fumigated with ethanol-free chloroform (25 mL) for 24 hr. The fumigated soil was 
extracted and analyzed for DTN as described above.  Microbial biomass N was calculated as the 
difference in DTN between the fumigated and unfumigated samples. No correction factor was 
used to account for extraction efficiencies. 
Dehydrogenase enzyme activity was determined using a modification of the methods of 
Casida et al. (1964) and Tabatabai (1994). Soil (3.0 ± 0.05 g moist) was mixed with 3.0 mg of 
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CaCO3, 0.5 ml of 3% 2,3,5-Triphenyltetrazolium chloride solution and 1.25 ml water, and 
incubated at 37°C for 24 hrs.  Following incubation, 5.0 ml of methanol was added, the soil 
solution vortexed for 1 min, and filtered through Whatman #40 filter paper.  All soil was 
quantitatively washed from the test tube and the filter paper was rinsed with methanol until 
the reddish color was gone.  Filtrate volume was adjusted to 50 ml and absorbance was 
measured at 485 nm by spectrophotometry.  Results are reported as μg triphenyl formazan 
(TPF) g-1 soil 24 h-1 (Casida et al. 1964; Tabatabai 1994). 
Statistical Analysis 
Data were analyzed with SAS (SAS Institute Inc., Cary, NC) using PROC GLM with LSD to 
separate means.  Treatment was the whole plot and sampling time was the split plot factor.  
When applicable to the analysis, soil depth was included as a split-split plot factor. Data from S2 
time 0 were not included in the statistical analysis, but were compared using the calculated 
LSDs. 
 
Results 
Fescue 
Ergot alkaloid analysis (S2) confirmed low levels of ergot alkaloids in the NE+ litter (day 0 
= 192 ng g-1) and plants (75 ng g-1 average of day 0, 7, 21, and 42 for no worm treatment) and 
the presence and persistence of ergot alkaloids in the E+ litter (day 0 = 1142 ng g-1 and 490 ng g-
1 at day 42) and plants (3186 ng g-1 average of day 0, 7, 21, and 42 for no worm treatment).  The 
percentage of surface litter remaining on the soil surface in all studies (S1E+, S2E+ and S2NE+) 
did not change significantly in the no worm treatments during the duration of either the 98-day 
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(S1E+; Fig. 3.1) or 42-day (S2E+ and S2NE+; Fig. 3.2) experiments. In S1E+ there were no 
significant differences among any of the earthworm treatments, and no loss of litter during the 
study (Fig. 3.1). In the EN treatment in both S2E+ and S2NE+, the percentage of litter remaining 
did not decrease significantly and was not different from the NO2 treatment (Fig. 3.2). In 
contrast, the percentage of litter remaining on the soil surface of the AN and AN+EN treatments 
decreased significantly by day 42 in S2NE+, and by day 21 in the AN treatment and day 42 in the 
AN+EN treatment in S2E+ (Fig. 3.2). 
The quality of the remaining surface litter was affected by earthworm feeding in S2.  In 
S2NE+, the surface litter in the AN and AN+EN treatments had significantly lower % N than the 
no worm treatment (Table 3.2). The litter in the EN treatment was not significantly different 
from either the NO2 or AN+EN treatments, but was higher in % N than the AN treatment litter. 
Numerical differences in litter % N followed a similar trend, but were not significantly different 
among treatments in the S2E+ study (Table 3.2). 
Total aboveground plant biomass increased with time from 0.3 to 0.9 g core-1 (S1E+), 0.3 
to 1.1 g core-1 (S2E+) and 0.4 to 1.3 g core-1 (S2NE+) (P < 0.0001 for all studies), but was not 
affected by the presence, absence, evolutionary origin (S1E+; P = 0.8) and/or ecological group 
(S2E+; P = 0.1 and S2NE+; P = 0.4) of earthworms (data not shown).  Similarly, the plant % N was 
not affected by the earthworm treatments (P = 0.2, P = 0.2, and P = 0.1 for S1E+, S2E+, and 
S2NE+, respectively). No consistent time trends existed. In S1E+, % N in plant biomass per core 
increased from 3.1 % at day 1 to 3.6 % at day 98 (P < 0.0001) while, in S2E+, % N in plant 
biomass per core decreased from 4.6 % at day 0 to 4.2 % at day 42 (P = 0.009), and no 
significant differences occurred in S2NE+ (P = 0.1)  
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Earthworms 
In S1, no earthworms were dried at the time of the earthworm additions, so it was not 
possible to calculate a percent change in dry body weight.  In S2, the endophyte status of the 
litter and tall fescue plants did not appear to affect the weight of the earthworms. During the 
experiment, earthworms in AN from both S2E+ and S2NE+ lost weight. At the same time, 
earthworms in EN gained more than earthworms in AN+EN, regardless of endophyte status 
(Table 3.2). Earthworm tissue % N (P = 0.02) was significantly higher in EN (8.6 %N) than AN (7.4 
%N) and AN+EN (7.7 %N) in the S2NE+. No significant differences in earthworm tissue % N were 
found in S2E+ (mean 6.9 %N). 
Soil Properties 
Study 1 
A review of the statistical analysis of the soil from the S1E+ study revealed time*depth 
was the predominant significant finding (data not shown). The three way interaction of 
treatment*time*depth was significant for DTN and NO3-N (data not shown).  These differences 
were primarily a direct effect of elevated NO3-N at the 0-to-5 cm depth interval while levels at 
the 5-to-10 and 10-to-20 cm depths were in range of the preliminary soil analysis values (data 
not shown).  Given the potential for elevated NO3-N to obscure earthworm effects, the 0-to-5 
cm depth interval was excluded from analysis. 
At the 5-to-10 cm depth, the main effect of treatment, but not time, was significant for 
DTN, NO3-N, and Ntot (Table 3.3). The combination of non-native and native, endogeic 
earthworms (AP+D) and the native, endogeic earthworms (D) had the highest concentrations of 
DTN and NO3-N, and these were significantly higher than NO1 control.  The AP and the D 
77 
treatments were not significantly different in DTN, NO3-N, and Ntot concentrations.  At the 10-
to-20 cm depth, the main effect of earthworm treatment was significant for DTN, NO3-N, and 
Ntot (Table 3.3; P ≤ 0.1). The AP+D and D treatments were significantly higher than NO1 control 
in DTN NO3-N, and Ntot concentrations.  The three treatments with earthworms (AP, D, and 
AP+D) were not different from each other in DTN and NO3-N, and AP and D were not different 
from each other in Ntot concentrations (Table 3.3).   
Aerobic respiratory potential, as measured by dehydrogenase enzyme activities, 
differed among treatments and depths as indicated by a significant treatment*depth 
interaction (data not presented). When the depth intervals were analyzed separately, the main 
effect of treatment (P = 0.04) was significant at the 5-to-10 cm depth.  Significantly higher 
dehydrogenase activity was measured in D (192 μg TPF g-1 soil 24 h-1) than NO1 and AP (178 
and 176 μg TPF g-1 soil 24 h-1, respectively), whereas the AP+D treatment (188 μg TPF g-1 soil 24 
h-1) enzyme activity was intermediate between D and NO1 and was not significantly different 
from either treatment (LSD = 12.3). The main effect of time (P < 0.0001) was also significant for 
each depth and generally decreased during the duration of the study (data not shown). The 
range of measured values was similar between depths and ranged from 110 - 223 μg TPF g-1 soil 
24 h-1. 
Study 2 
For many soil properties in both studies, the time*depth interaction was the 
predominant significant finding (data not shown) with a few noted exceptions.  In S2NE+, the 
three-way interaction of treatment*time*depth was significant for Nmic (P = 0.03), but no 
consistent or meaningful trends emerged (data not presented), and the main effect of 
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treatment was significant for DTN (P = 0.004) and NO3
--N (P = 0.003) at alpha ≤ 0.05 and DON (P 
= 0.09) at alpha ≤ 0.1. In S2E+, the three-way interaction of treatment*time*depth was 
significant for NO3
--N (P = 0.03), and the main effect of treatment was significant for DTN (P = 
0.0009) and DON (P = 0.03). The dominant constituent of the Ni (data not shown) and DTN 
pools was NO3
--N. To simplify comparisons between E+ and NE+, the main effect of treatment 
for DTN, NO3
--N and DON are presented (Table 3.4). In S2NE+, DTN, NO3
--N and DON 
concentrations are higher in all treatments with earthworms. In S2E+, DTN, NO3
--N and DON 
were significantly higher in AN than NO2. The EN earthworm treatment resulted in higher DTN 
and NO3
--N, and the AN+EN earthworm treatment resulted in higher DTN and DON 
concentrations than the NO2 control. 
Given that root biomass was predominantly within the surface 10 cm of soil (data not 
presented) and because of the high frequency of the two-way interaction of time*depth, soil 
properties at the two depths (0-to-10 and 10-to-20 cm) were also analyzed separately.  At the 
0-to-10 cm depth very few treatment effects were detected with an alpha of 0.05. In S2NE+, the 
interaction of treatment*time was significant for Nmic (P = 0.05) and in S2E+, the main effect of 
treatment was significant for DTN (P = 0.03) (data not shown). Similar to S1E+, NO3
--N 
concentrations were elevated in the 0-to-10 cm depth in both S2E+ and S2NE+ (data not 
shown), potentially obscuring effects of earthworms on N concentrations. 
At the 10-to-20 cm depth, NO3
--N concentrations were lower and closer to values 
measured in the surface soil in pastures where the soil was obtained (data not shown). The 
treatments resulted in a greater number of significant differences in the measured parameters. 
In both S2NE+ and S2E+, the main effect of treatment was significant for DTN, NO3
--N, and DON 
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(Table 3.5). Similar to the analysis for the depths combined (Table 3.4), the earthworm 
treatments resulted in significantly more DTN, NO3
--N, and DON than the NO2 control in S2E+ 
and S2NE+ (Table 3.5). The DTN pool in S2E+ was largest in the AN treatment (Table 3.5). 
Aerobic respiratory potential, as measured by dehydrogenase enzyme activities in S2E+ 
or S2NE+ did not differ among treatments when the two depth intervals were analyzed 
together or separately. Aerobic respiratory potential did decrease through time in the surface 
10 cm of both soils. At the 10-to-20 cm depth, activities were not different in S2E+ (P = 0.06) 
and fluctuated between 319 and 336 μg TPF g-1 soil 24 h-1 in S2NE+ (P = 0.02; LSD = 22.6). 
Soil respiration measured as CO2 flux was not different over time in S2E+ (P = 0.7),  but 
decreased from 89.2 μg CO2 m
-2 sec-1 on day 7 to 70.9 μg CO2 m
-2 sec-1 on day 42 in S2NE+ (P = 
0.02). Treatments resulted in differences in CO2 flux in S2E+ and S2NE+ (Table 3.2). In both the 
S2NE+ and S2E+ studies, the CO2 fluxes were higher in the AN and EN earthworm treatments 
compared to the NO2 control throughout the study. In S2NE+, the respiration fluxes from the 
three earthworm treatments were not different from each other and the AN+EN treatment was 
not significantly different from the NO2 control. In the S2E+ study, the AN treatment was 
significantly higher than the other treatments.  The EN and AN+EN treatments were not 
different from each other, but were significantly higher than the NO2 treatment (Table 3.2).  
 
Discussion 
Two key ecological interactions were addressed in this research: 1) the effect of 
evolutionary origin and ecological group of earthworms on N cycling; and 2) the effect of 
alkaloid chemistry of E+ and NE+ tall fescue on litter consumption by earthworms, and 
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subsequent decomposition and N cycling processes in soil. In S1, DTN and NO3
--N 
concentrations were higher in the presence of native, or the combined presence of native and 
non-native earthworms compared to non-native and no earthworms in the 5-to-10 cm depth, 
and compared to no earthworms in the 10-to-20 cm depth. Total soil N was greater in the 
mixed populations compared to the non-native alone or no worm control. The non-native, 
endogeic did not increase available N (DTN or NO3
--N) or total N compared to the no worm 
control. Furthermore, aerobic respiratory potential (dehydrogenase enzyme activities) of the 
microbial community was elevated in the presence of the native (D. meansi), but not the non-
native (Ap. trapezoides) endogeic earthworm. These results suggest that the retention of 
native, endogeic worms in a grassland soil community will facilitate decomposition, 
mineralization, and nitrification, but also increase soil N to a greater extent than complete 
displacement by non-native, endogeic earthworms. James (1991) found that native Diplocardia 
spp. had a greater potential to breakdown soil organic matter and release nutrients, e.g. N and 
phosphorus because of higher rates of soil processing per unit biomass than non-native 
Lumbricidae species Ap. caliginosa or O. tyrtaeum. 
As expected from feeding strategies, earthworm consumption of E+ and NE+ fescue 
litter was driven by earthworm ecological group. Endogeic earthworms are not known for 
feeding on surface residues, but rather feed on decomposed organic matter incorporated into 
the mineral soil (James and Hendrix 2004; Lee 1985). When introduction of a non-native 
earthworm resulted in a change in the ecological group (anecic from endogeic), greater litter 
consumption occurred in the presence of the non-native, anecic earthworm L. terrestris. L. 
terrestris is a surface residue feeder (Bohlen et al. 1997; Lee 1985; Savin et al. 2004) and will 
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preferentially select plant materials with low C-to-N ratios (Bohlen et al. 1997).  Preferential 
consumption of litter explains the decrease in % N in remaining surface litter that was 
measured in AN treatments.  
Despite incorporation of both NE+ and E+ fescue litter, the rate and extent of NE+ litter 
consumption was lower relative to E+. While S2E+ and S2NE+ results were analyzed separately, 
these results suggest that biochemical differences, e.g. ergot alkaloid concentration, in the E+ 
and NE+ tall fescue differentially affects consumption by anecic earthworms. Humphries et al. 
(2001), examining the growth response of the epigeic earthworm Eisenia fetida to different 
food sources, found significantly greater growth (increased biomass) in specimens consuming 
E+ vs. E- tall fescue leaf tissue. While the anecic earthworms in our study lost body mass, our 
surface litter consumption results taken in conjunction with the findings of Humphries et al. 
(2001) suggest that anecic earthworms may preferentially consume E+ litter compared to E- or, 
in our study, NE+ litter. To the authors’ knowledge this is the first study examining earthworm 
consumption of litter as a result of differences between E+ and NE+ infected tall fescue. 
Other factors in the study design may also be contributing to the observed differences in 
litter consumption. Palatability differences between the E+ and NE+ litter resulting from 
differences in growing conditions, fertility, and age of the plant material (E+ grown in the 
greenhouse - vs. NE+ collected from the field) could explain differences in the rate of 
consumption and subsequent incorporation of litter. Additionally, initial soil properties (Table 
3.1) were different between the E+ and NE+ soil, despite being collected from adjacent fields. 
Initial soil properties might account for earthworm treatment differences between E+ and NE+. 
For example, lower total C and N, P, Ca, and Mg in E+ may have imposed food resource 
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constraints in E+ soil that were not present in the NE+ system, and may explain the quicker 
consumption of E+ litter by the anecic earthworms. However, as earthworms in general 
increased available N pools, and as soils were from the same farm and soil type, differences in 
initial soil properties are likely a result of endophyte-infection status of the fields. In studies 
examining difference in soil properties between fields growing E+ tall fescue with high and low 
infection rates and/or E- tall fescue, it is generally reported that soil organic C and total N 
increase with increasing endophyte infection (Franzluebbers and Hill 2005; Franzluebbers et al. 
1999; Franzluebbers and Stuedemann 2005; Rudgers and Clay 2007). Higher total C and N in 
our NE+ soil at the time of collection, suggests additional factors beyond the presence or 
absence of toxic ergot alkaloids may control accumulation of soil C and N.  
While all worm treatments increased N availability, there were detectable differences in 
N concentrations and soil respiration as compared among the earthworm treatments in E+. In 
NE+, there were no differences among the three earthworm treatments in N concentrations or 
in soil respiration. In E+, the anecic-endogeic combination resulted in lower DTN compared to 
anecic alone when soil depths were combined, or when analyzing the 10-20 cm depth 
independently. There are few differences between E+ and NE+ results in N concentrations in 
the treatment with the anecic and endogeic earthworms combined. Concentrations of N in the 
10-to-20 cm soil depth with earthworms are always greater than the no worm control, 
regardless of whether the system contained E+ or NE+ fescue and litter. However, at the 10-to-
20 cm depth, DTN and NO3
--N concentrations were higher in the E+ system in the presence of 
anecic compared to the endogeic earthworms. Additionally, soil respiration was greater in the 
presence of anecic compared to endogeic alone or endogeic combined with anecic earthworms 
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in the E+ system. These differences between the anecic and endogeic treatments suggest 
greater decomposition and nitrification likely resulted from increased litter resources 
introduced into the soil in the E+ as compared to the NE+ system. 
Greater CO2 flux has been measured previously in the combined presence of L. terrestris 
(anecic) and Ap. caliginosa (endogeic) compared to either species alone in a laboratory 
incubation study with no added organic substrates (Speratti and Whalen 2008). Speratti and 
Whalen (2008) suggested increased microbial activity from the combined presence of two 
earthworm species as an explanation. Earthworm population densities were higher in the 
combined compared to individual earthworm treatments in the study by Speratti and Whalen 
(2008) which may explain the greater CO2 flux. In this study, earthworm densities (250 m
-2) 
were standardized across all treatments and respiration was not greater than in treatments 
with single earthworm populations. 
In contrast to the effect on anecic earthworm consumption of litter, endophyte 
infection status and associated differences in ergot alkaloids did not appear to affect endogeic 
earthworm activity or N cycling in the soil. The presence of endogeic earthworms generally 
resulted in increased DTN, NO3
--N, and DON regardless of whether both soil depths were 
combined, or if 10-to-20 depth was analyzed independently. Native, endogeic earthworm 
increased in biomass, possibly related to higher rates of soil ingestion as reported by James 
(1991), regardless of the endophyte status. These results may not be surprising as endogeic 
earthworms do not consume litter, but do suggest that any changes to belowground plant 
physiology and biochemistry that result from difference in the endophyte are not affecting the 
endogeic earthworms.  
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Increased soil N in earthworm worked soil has been linked to physical, chemical, and 
biological changes that occur in the soil immediately surrounding an earthworm burrow, e.g. 
the drilosphere (Edwards and Bohlen 1996). Earthworm production of N-rich exudates and 
enhanced soil food web interactions increase N mineralization (Amador and Görres 2005; 
Amador et al. 2003; Amador et al. 2005; Edwards and Bohlen 1996; Edwards et al. 1995; Görres 
et al. 2001; Lavelle 1988; Savin et al. 2004; Shipitalo and Le Bayon 2004). The contribution of N 
in hay fields from earthworm activity (in a community comprised of both anecic and endogeic 
species) has been estimated to be 8 to 11 kg mineral N ha-1 (Eriksen-Hamel and Whalen 2008). 
Earthworms enhance plant growth and increase plant N uptake in model grasslands with 
different plant diversities (Partsch et al. 2006). Interactive effects of epigeic and endogeic 
earthworms can increase incorporation and stabilization of surface residue C and N in soil 
aggregates (Bossuyt et al. 2006; Giannopoulos et al. 2010).  
Plant N uptake was not different across treatments under any of the conditions tested 
in this study. Determining the fate of released N is important because earthworms have also 
been linked to N loss.  The production of nitrous oxide (N20) has been linked to earthworms 
from all ecological groups, e.g. epigeic (Giannopoulos et al. 2010; Rizhiya et al. 2007), endogeic 
(Speratti and Whalen 2008), and anecic (Rizhiya et al. 2007; Speratti and Whalen 2008). The 
mechanisms behind the N20 production may be ecological group-dependent. In a laboratory 
study, N20 production was a result of denitrification in the presence of Lumbricus terrestris 
(anecic), and a result of nitrification in the presence of Ap. caliginosa (endogeic) (Speratti and 
Whalen 2008). Ap. caliginosa (endogeic) also increased nitrate leaching more than L. terrestris 
(anecic) and L. rubellus (epigeic) in a model riparian system (Costello and Lamberti 2008). 
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Increasing the abundance of a mixed population of earthworms (Ap. caliginosa, L. terrestris and 
Lumbricus spp.) in a riparian system in northern Michigan increased the potential for nitrate 
leaching from the system (Costello and Lamberti 2009). Our study suggests the potential for 
greater nitrate production in the presence of either endogeic or anecic earthworms.  The 
burrows of both endogeic and anecic earthworms have been shown to be effective conduits for 
water and solute transport (Edwards and Bohlen 1996; Lee 1985); thus, providing a mechanism 
for NO3
--N leaching.  Lack of synchrony between periods of earthworm activity (spring and fall) 
and plant N uptake (summer) in row crop systems, has been identified as a concern for runoff 
and leaching of nutrients (Edwards et al. 1995).  In both studies presented in this paper, soil 
moisture was maintained below saturation thus precluding leaching as a loss mechanism. 
However, the elevated NO3
--N levels in the laboratory may be pointing toward a management 
challenge in the field. 
 
Conclusion 
While anecic earthworms incorporate litter into soil, endogeic and anecic earthworms 
increase respiration, decomposition, and N availability in soil. However, soil retaining native, 
endogeic earthworms with the introduction of non-native, endogeic earthworms had higher 
dissolved N, including nitrate, than soil with only non-native, endogeic earthworms. The 
introduction of an anecic earthworm did not increase N availability (NO3
--N and DTN,) 
compared to an endogeic in the NE+ system, but did in the E+ system. Enhanced litter 
consumption of E+ infected tall fescue litter (toxic ergot alkaloids) by earthworms compared to 
NE+ litter likely explains the increased decomposition and nitrification. Thus, connecting the 
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aboveground symbiosis of the fungal endophyte and plant with the belowground introduction 
of non-native earthworms is necessary to understand potential consequences on N cycling 
dynamics in soil with tall fescue.  
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Tables and Figures 
Table 3.1. Properties (n = 3) for the soil used to construct the experimental cores for the toxic 
endophyte infected tall fescue (S1E+ and S2E+) and non-toxic endophyte infected tall fescue 
(S2NE+) studies. 
 
Study1 pH2 
EC2 P3 K3 Ca3 Mg3 Total 
N4 
Total 
C4 
Sand Silt Clay 
μmhos/cm ---------- μg g-1dry soil -------
--- 
-------------------- % -------------------- 
S1E+ 5.2 114 49.8 167 925 101 0.17 1.7 22 71 7 
S2E+ 6.4 130 45.5 146 1466 79.7 0.18 1.8 35 56 9 
S2NE+ 6.3 152 65.5 111 1612 95.5 0.23 2.3 28 64 8 
1Study designations were study 1 with toxic endophyte infected tall fescue (S1E+), and study 2 
with toxic (S2E+) or non-toxic endophyte (S2NE+) infected tall fescue. 
2Ratio 1:2 (wt soil: vol water).  
3Concentrations are for Mehlich-III soil extractions.  
4Determined by combustion. 
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Table 3.2. Study 2 (S2) average surface litter percent nitrogen (Lt-N), percent change in 
earthworm body weight1 (∆EW), and soil respiration (SR) as determined by carbon dioxide flux 
for the treatment main effect (average of day 7, 21 and 42 samplings; n = 12) from earthworm 
treatments in soil with toxic endophyte infected (S2E+) and non-toxic endophyte infected 
(S2NE+) tall fescue. 
 
Treatment2 
S2E+  S2NE+ 
Lt-N ∆EW SR  Lt-N ∆EW SR 
--------- % -------- 
μg CO2 m
-2 
sec-1 
 
---------- % ---------- 
μg CO2 m
-2 
sec-1 
NO2 2.26 NA3 55.2 C  2.07 A NA 58.9 B 
AN 1.90 87.3 C4 87.6 A  1.92 C 88.9 C 84.2 A 
EN 2.13 136.1 A 70.2 B  2.03 AB 119.9 A 86.5 A 
AN+EN 1.96 106.0 B 70.0 B  1.94 BC 106.5 B 75.5 AB 
        
P-value 0.1204 <0.0001 0.0010  0.0355 0.0012 0.0333 
LSD0.05
5 NS6 11.9 12.4  0.1022 12.6 19.2 
1(dry weight of worms at sampling x calculated dry weight of worms at day 0 -1) x 100. 
2Treatments were 1) no earthworms (NO2); 2) two non-native, anecic Lumbricus terrestris 
earthworms (AN); 3) two native, endogeic Diplocardia meansi earthworms (EN); and 4) one 
each Lumbricus terrestris and Diplocardia meansi earthworm (AN+EN). 
3Not applicable. 
4Same letters within a column indicate no significant difference. 
5Least significant difference was determined at alpha 0.05. 
6Not significant. 
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Table 3.3. Study 1 dissolved total (DTN), nitrate (NO3
--N) and total (Ntot) nitrogen by treatment 
(n = 12) for soil (5-to-10 and 10-to-20 cm soil depth intervals) growing toxic endophyte infected 
tall fescue. 
 
Treatment1 
5-to-10 cm depth interval  10-to-20 cm depth interval 
DTN NO3
--N Ntot  DTN NO3
--N Ntot 
--- μg N g dry soil -1 --- %  --- μg N g dry soil -1 --- % 
NO1 81.5 C2 53.6 C 0.18 B  67.7 B 44.2 B 0.185 C 
AP2 86.0 BC 56.2 BC 0.18 B  78.7 AB 53.7AB 0.185 BC 
D3 99.2 AB 65.6 AB 0.19 BA  81.1 A 55.1 A 0.192 AB 
AP+D4 102.4 A 68.9 A 0.20 A  88.7 A 61.2 A 0.193 A 
        
P-value 0.0282 0.0230 0.0010  0.0883 0.0617 0.0934 
LSD3 15.1* 10.5* 0.01*  13.2** 9.9** 0.006** 
1Treatments were 1) no earthworms (NO1); 2) two non-native, endogeic Aporrectodea 
trapezoides earthworms (AP); 3) two native, endogeic Diplocardia meansi earthworms (D); and 
4) one each Aporrectodea trapezoides and Diplocardia meansi earthworm (AP+D). 
2Same letters within a column indicate no significant difference. 
3Least significant difference: * determined at alpha 0.05; ** determined at alpha 0.1. 
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Table 3.4. Study 2 dissolved total (DTN), nitrate (NO3
--N) and dissolved organic (DON) nitrogen 
by treatment for soil (averaged across 0-to-10 and 10-to-20 cm soil depth intervals; n = 24) 
growing toxic endophyte infected (S2E+) and non-toxic endophyte infected (S2NE+) tall fescue. 
 
Treatment1 
S2E+  S2NE+ 
DTN NO3
--N DON  DTN NO3
--N DON 
-------------------------------------- μg N g dry soil -1 -------------------------------------- 
NO2 86.0 C2 74.0 B 11.3 B  116.0 B 95.1 B 19.7 B 
AN 106.5 A 89.8 A 16.1 A  138.6 A 113.6 A 23.5 A 
EN 99.0 AB 84.9 A 13.4 AB  133.3 A 109.6 A 22.3 A 
AN+EN 97.2 B 82.1 AB 14.5 A  137.3 A 114.2 A 21.8 A 
        
P-value 0.0009 0.0099 0.0266  0.0044 0.0033 0.0886 
LSD3 9.3* 9.1* 3.1*  13.2* 10.9* 2.4** 
1Treatments were 1) no earthworms (NO2); 2) two non-native, anecic Lumbricus terrestris 
earthworms (AN); 3) two native, endogeic Diplocardia meansi earthworms (EN); and 4) one 
each Lumbricus terrestris and Diplocardia meansi earthworm (AN+EN). 
2Same letters within a column indicate no significant difference. 
3Least significant difference: * determined at alpha 0.05; ** determined at alpha 0.1. 
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Table 3.5. Study 2 dissolved total (DTN), nitrate (NO3
--N) and dissolved organic (DON) nitrogen 
by treatment (n = 12) for soil from the 10-to-20 cm depth interval growing toxic endophyte 
infected (S2E+) and non-toxic endophyte infected (S2NE+) tall fescue. 
 
Treatment1 
S2E+  S2NE+ 
DTN NO3
--N DON  DTN NO3
--N DON 
-------------------------------------- μg N g dry soil -1 -------------------------------------- 
NO2 55.2 C2 44.9 C 9.4 B  62.6 B 46.7 B 14.6 B 
AN 82.7 A 68.5 A 13.5 A  86.4 A 66.4 A 18.5 A 
EN 69.4 B 56.2 B 12.5 A  82.6 A 63.5 A 17.6 A 
AN+EN 73.1 B 59.9 AB 12.6 A  92.5 A 71.7 A 19.5 A 
        
P-value 0.0003 0.0006 0.0020  0.0039 0.0048 0.0050 
LSD0.05
3 9.4 8.7 1.8  14.4 12.4 2.4 
1Treatments were 1) no earthworms (NO2); 2) two non-native, anecic Lumbricus terrestris 
earthworms (AN); 3) two native, endogeic Diplocardia meansi earthworms (EN); and 4) one 
each Lumbricus terrestris and Diplocardia meansi earthworm (AN+EN). 
2Same letters within a column indicate no significant difference. 
3Least significant difference was determined at alpha 0.05. 
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Fig. 3.1. The percentage (litter recovered / initial litter added x 100) of toxic endophyte infected 
tall fescue litter remaining on the surface of the soil cores in study 1 (S1E+). The treatments 
were 1) no earthworms (NO1); 2) two non-native, endogeic Aporrectodea trapezoides 
earthworms (AP); 3) two native, endogeic Diplocardia meansi earthworms (D); and 4) one each 
Aporrectodea trapezoides and Diplocardia meansi earthworm (AP+D).  Time was significant (P = 
0.02), but not treatment (P = 0.5) or the treatment by time interaction (P = 0.7).  The LSD for 
the average at each time is 5.8. 
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Fig. 3.2. The percentage (litter recovered / initial litter added * 100) of toxic (S2E+) and non-
toxic endophyte (S2NE+) infected tall fescue litter remaining on the surface of the soil cores in 
study 2. The treatments were 1) no earthworms (NO2); 2) two non-native, anecic Lumbricus 
terrestris earthworms (AN); 3) two native, endogeic Diplocardia meansi earthworms (EN); and 
4) one each Lumbricus terrestris and Diplocardia meansi earthworm (AN+EN). The treatment by 
time interaction was significant in both S2E+ (P < 0.0001) and S2NE+ (P = 0.006). Circles denote 
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location of significant differences between treatments at each sampling time (LSDs = 21.7 and 
17.4 for S2E+ and S2NE+, respectively). The LSDs for comparison of data within a treatment 
over time are 18.2 and 17.9 for S2E+ and S2NE+, respectively.  
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CHAPTER 4 
 
15N CYCLING IN SOIL GROWING TALL FESCUE AS AFFECTED BY THE PRESENCE OF 
ENDOGEIC AND ANECIC EARTHWORMS  
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Abstract 
Earthworm species from different ecological groups have spatially distinct feeding 
strategies, e.g. the consumption of different forms and qualities of organic matter, resulting in 
altered N cycling. The objective of this study was to use the stable isotope 15N as a tracer to 
measure how earthworm evolutionary origin and ecological strategy affect N mineralization of 
litter and subsequent plant N uptake. We hypothesized that anecic and endogeic earthworms 
would increase available N concentrations in soil. However, treatments with anecic earthworms 
were expected to have higher N mineralization and plant N uptake because of incorporation of 
surface plant residue into soil. In the laboratory, 15N-labeled endophyte (Neotyphodium 
coenophialum Glenn, Bacon & Hanlin)-infected tall fescue (Lolium arundinaceum (Schreb) S. J. 
Darbysh) litter was added to the surface of Captina silt loam soil columns growing endophyte 
infected tall fescue. Total N and 15N atom% concentrations in litter, soil, earthworms, and plants 
were measured in no worm controls, or in treatments with either native, endogeic Diplocardia 
meansi Gates, non-native, endogeic Aporrectodea trapezoides Dugѐs or non-native, anecic 
Lumbricus terrestris L., or a mix of native and non-native earthworms. Significantly more N from 
litter was recovered in the soil and earthworm tissue for the treatments with anecic 
earthworms than the endogeic and no worm treatments. Total N concentrations in the grass 
were not different among the treatments. Although anecic earthworms incorporated fresh 
organic matter (litter) into the soil, plant uptake of N derived from the decomposing litter was 
less than in plants growing in soil without earthworms. Plant uptake of litter derived N in soil 
with endogeic earthworms was not different from any of the treatments. These results suggest 
that on short-term time scales anecic earthworms increase decomposition of tall fescue plant 
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matter and move N into earthworms themselves and the soil, but less litter derived N moves 
into growing plant biomass. 
 
Key Words 
Earthworm, Fescue, Soil, Aporrectodea, Diplocardia, Lumbricus, endogeic, anecic, nitrogen, 
15N, stable isotope tracer 
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Introduction 
In pasture systems, the principal limitations to sustainability are proper livestock 
management to prevent overgrazing, and availability of low-cost nitrogen (N) to promote and 
sustain plant growth. The increasing cost, coupled with environmental concerns about the fate 
of N fertilizers during the last decade necessitates studies that increase our collective 
knowledge regarding N cycling and retention in pastoral systems. The N requirements of 
endophyte (Neotyphodium coenophialum Glenn, Bacon & Hanlin)-infected (E+) tall fescue 
(Lolium arundinaceum (Schreb) S. J. Darbysh), a predominant cool-season grass in southern U.S. 
pasture systems, are often met with inorganic fertilizer additions such as split applications of N 
timed with initiation of plant growth in the spring and fall (Roberts et al. 2009). However, with 
improved understanding of how N is cycled through plant, organism, and soil pools, pasture 
systems could be managed for greater reliance on N release from decomposition to supply 
plant N needs.  Earthworms have been well recognized for their important roles in soil 
processes and improved plant growth and productivity (Edwards 2004; Scheu 2003; Stockdill 
1982).  Numerous processes are impacted by earthworms and include communition of surface 
residues, organic matter incorporation into soil, and accelerated nutrient cycling (Amador and 
Görres 2005; Bohlen et al. 1997; Edwards and Bohlen 1996; Savin et al. 2004). Unfortunately, 
increased nutrient availability can lead to terrestrial nutrient losses through leaching and 
gaseous emissions rather than plant uptake (Costello and Lamberti 2008; Domínguez et al. 
2004; Giannopoulos et al. 2010; Parmelee et al. 1998). Microbial community size, activity, and 
diversity (Bohlen et al. 1997; Groffman et al. 2004; Savin et al. 2004; Wilcox et al. 2002) along 
with soil structure and porosity (Bossuyt et al. 2006; Shipitalo and Le Bayon 2004) are also 
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altered by the activities of earthworms. However, not all earthworm species affect soil 
properties in the same manner due to species specific characteristics and ecological strategies 
that determine habitat and feeding preferences.   
The feeding and habitat strategies of different earthworm species alter consumption of 
organic matter (Edwards and Bohlen 1996; Hendrix and Bohlen 2002; Lee 1985). Epigeic 
earthworms live in the interface of the mineral soil and litter layer and consume plant detritus 
and microorganisms.  Endogeic earthworms live in the mineral soil horizons and consume soil 
and organic matter.  Anecic earthworms form and live in permanent or semi-permanent vertical 
burrows extending from the soil surface into the mineral horizons, and consume soil and plant 
detritus.  Within these broad ecological groupings, native and non-native earthworm species 
may have different environmental requirements for optimal growth, reproduction and survival. 
California grasslands with limited food resources restricted the ability of Aporrectodea 
trapezoides Savigny (non-native, endogeic) to colonize due to greater resource requirement to 
reach maturity than Arilophilus marmoratus (native, endogeic). In contrast, faster growth and 
earlier onset of sexual maturity provided a competitive advantage for Ap. trapezoides in 
resource-rich grasslands (Winsome et al. 2006). Native, endogeic Diplocardia spp. indigenous to 
the tall grass prairies of Kansas were active at warmer (mean daily temperature between 23 
and 33 °C) and drier soil conditions than the non-native, European, endogeic earthworm 
Octolasion tyrtaeum (Callaham et al. 2001).  
A predominance of endogeic, non-native Aporrectodea spp. and to a lesser extent, 
native Diplocardia spp. were found in an annual survey of earthworm species in tall fescue 
fields in Northwest Arkansas (data not reported). These findings are consistent with published 
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earthworm geographic distributions showing that Aporrectodea spp. are distributed extensively 
across the entire United States and southern Canada (Reynolds 1995).  The distribution of 
native earthworms in the United States is limited to the land area proximal to or south of the 
southern front of the Wisconsinan glaciation and the southern coastal mountains of California 
(James 1995). Thus, both native and non-native earthworms can inhabit soil across much of the 
U.S. where tall fescue pastures are an important pasturing system.   
Physical disturbance and habitat fragmentation have been cited as primary factors 
reducing or eliminating native earthworm populations (Hendrix et al. 2006; Hendrix and Bohlen 
2002; Hendrix et al. 2008; Kalisz and Wood 1995). Impacts of disturbance are compounded by 
human activities that actively facilitate the transport of earthworms into new habitats.  The 
importation of non-native earthworms, such as L. terrestris, for use as fishing bait is a classic 
example of human facilitated transport, and has been speculated as a primary mode for 
introduction of non-native earthworm species into new areas (Callaham et al. 2003; Hendrix et 
al. 2006; Hendrix and Bohlen 2002; Hendrix et al. 2008). Lumbricus spp., including L. rubellus 
and L. terrestris, in the U.S. are found west of the continental divide and in the east in a range 
that extends as far south as central AR and as far west as eastern ND (Reynolds 1995). L. 
terrestris is sold throughout the U.S., including in Northwest Arkansas, as fishing bait and its 
range is likely expanding.  
Introductions of non-native earthworm species with different resource requirements 
and/or different ecological strategies may replace or alter the resident earthworm populations. 
Thus, ecological functioning within an ecosystem may change from the introduction of non-
native earthworms. Amynthes agrestis, a non-native earthworm of Asiatic origin, sold as fishing 
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bait in the U.S., has been linked to changes in forest floor ecology and turnover of organic 
matter in the southern Appalachian Mountains (Callaham et al. 2003; Snyder et al. 2009). The 
introduction of non-native earthworms in the northern hardwood forests of North America that 
have been devoid of earthworms since glaciations has resulted in fundamental changes in 
ecosystem process such as rate of plant residue turnover and nutrient cycling, altered organic 
matter distribution in the soil profile, increased microbial activity, and plant N uptake (Bohlen 
et al. 2004; Fisk et al. 2004; Groffman et al. 2004). The activity of the native Diplocardia spp., 
however, reduced plant available N compared to Octolasion tyrtaeum in a Kansas prairie, 
possibly because of competition from stimulated microbial N immobilization related to the 
earthworm’s activity (Callaham et al. 2001).  
Different processes become important to the fate of N in the presence of different 
earthworm species. In laboratory studies, Giannopoulos et al. (2010) found that Ap. caliginosa 
(endogeic), but not Lumbricus rubellus (epigeic), increased nitrous oxide (N2O) emissions when 
radish residue was incorporated into the soil. When the study was conducted with residue 
placed on the soil surface, L. rubellus alone or in combination with Ap. caliginosa increased N20 
emissions, but Ap. caliginosa alone did not increase N20 emissions. In a simulated riparian zone 
inhabited by non-native earthworms, Ap. caliginosa (endogeic), but not L. terrestris (anecic) or 
L. rubellus (epigeic), increased nitrate leaching (Costello and Lamberti 2008). 
The general desire to encourage earthworm populations in soil to enhance 
agroecosystem productivity, the importance of tall fescue pasture systems, the commercial 
distribution of non-native earthworm as fishing bait, and the potential ability of newly 
introduced non-native earthworms to alter ecosystem processes necessitate research on the 
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consequences of non-native and native earthworm population interactions on N availability in 
pasture soils in the mid-south and southeastern U.S.  As livestock producers look for pasture 
management options that maintain pasture productivity, reduce fertilizer inputs, improve farm 
profitability, and reduce environment risk, understanding the role of soil invertebrates, e.g. 
earthworms, in the timing and availability of soil nutrients will be critical. 
The objective of this study was to measure how earthworm species with contrasting 
evolutionary origin and the same or different ecological strategy would affect cycling of 15N-
enriched plant litter through earthworms, soil, and plants. We hypothesized that earthworms 
of both ecological strategies would increase the availability of N from the litter in the soil. 
However, the incorporation of litter into burrows with the introduction of anecic earthworms 
was expected to be a strong driver for increasing N mineralization and plant N uptake. 
 
Material and Methods 
Experimental Design 
Laboratory studies were conducted beginning in November, 2007 (study 1, S1) and July, 
2009 (study 2; S2) to examine the incorporation and subsequent release of N from E+ tall 
fescue plant residue by native and non-native endogeic earthworms (S1) or native, endogeic 
and non-native, anecic earthworms (S2).  Cores were constructed using soil previously growing 
E+ tall fescue and included growing  E+ tall fescue plants and surface applied 15N-labeled E+ tall 
fescue litter (described in detail below). The experiments were constructed as completely 
randomized designs with four treatments.  
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Captina silt loam soil (fine-silty, siliceous, mesic Typic Fragiudult) was collected from the 
surface 15 cm of E+ tall fescue fields for both studies. For S1, soil was collected at the University 
of Arkansas Main Agricultural Experiment Station, Fayetteville, AR.  During collection, soil was 
sieved through a 6-mm screen to remove course fragments, grass and roots, and to 
homogenize the collected soil in the field. Soil properties prior to constructing the cores 
included the following:  soil texture (22 % sand, 71 % silt, and 7 % clay), pH 5.2, 114 μmhos cm-1 
electrical conductivity, 1.7 % soil C, and 0.18 % soil N. 
For S2, soil was collected from an E+ tall fescue hay field at the University of Arkansas, 
Livestock and Forestry Branch Station, Batesville, AR.  In this study, soil was defaunated after 
sieving by freezing for 10 days at -20°C. Soil was then air-dried, ground with a mortar and 
pestle, and passed through a 1-mm sieve (to reduce soil structure). Soil properties prior to 
constructing the cores included the following:  soil texture (35 % sand, 56 % silt, and 8 % clay), 
pH 6.4, 130 μmhos cm-1 electrical conductivity, 1.8 % total C, and 0.18 % total N. 
Diplocardia meansi Gates, a native endogeic earthworm (S1 & S2), was collected locally 
from a residential site in Goshen, AR. Aporrectodea trapezoides Dugѐs, a non-native, endogeic 
(S1), and Lumbricus terrestris L., a non-native, anecic earthworm (S2), were obtained from local 
bait shops. All earthworms, collected and purchased, were monitored in the laboratory for 
several days to ensure viability prior to being added to soil cores in each experiment.  
Specimens of each earthworm species were preserved and identifications were confirmed using 
taxonomic keys (James 1990; Schwert 1990).   
Soil cores were constructed from polyvinyl chloride (PVC) pipe (10-cm inside diameter) 
cut into 30-cm lengths and split in half lengthwise.  The two half pieces of pipe were held 
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together with duct tape. The bottoms of the cores were fitted with fiberglass mesh (held in 
place with a plastic wire tie) to retain the soil and prevent earthworm escape.  The cores were 
filled with soil to obtain a bulk density of 1.1 g cm-3 and a soil depth of 20 cm.  Soil moisture in 
the cores was maintained between 40 and 60% water-filled pore space.  Three (S1) or six (S2) 
E+ tall fescue seedlings were transplanted into the cores and allowed to grow for 4 months (S1) 
or 2 weeks (S2) before the treatments were applied.  In S1, earthworms (2 per core) and fescue 
litter (15 g wet weight) were added to cores 6 days and 1 day, respectively, prior to sampling 
the first set of cores (first sampling day is designated as “day 1”). In S2, earthworms (2 per core) 
and fescue litter (10 g wet weight) were added to the soil surface at the start of the study when 
time 0 cores were sampled. 
The treatment combinations in S1 consisted of the following: 1) no earthworms (NO); 2) 
two non-native, endogeic earthworms (Non); 3) two native, endogeic earthworms (Nat); and 4) 
one native and one non-native endogeic earthworm (Nat+Non) (Table 4.1). The treatment 
combinations in S2 consisted of the following: 1) no earthworms (NO); 2) two non-native, 
anecic earthworms (AN); 3) two native, endogeic earthworms (EN); and 4) one anecic and one 
endogeic earthworm (AN+EN) (Table 4.1). Each treatment by time combination was replicated 
four times and sampling occurred at days 1, 6, 21, 49, and 98 (S1) or days 7, 21, and 42 (S2) 
following addition of earthworms and surface applied 15N labeled E+ tall fescue litter. At the 
initiation of S2, four additional cores were sampled for a time 0 value. A total of 80 and 52 
experimental units were constructed for S1 and S2, respectively. 
Wild type E+ infected tall fescue (Kentucky-31) was grown in sand and fertilized with a 
modified Hoagland’s solution (Hoagland and Arnon 1938) prepared with either 10 atom% 15N-
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labeled ammonium nitrate (NH4NO3; 
15N-labeled fescue) or laboratory grade NH4NO3 
(unlabeled fescue) as the N source.  The tall fescue plants were fertilized with sufficient 
Hoagland’s solution to supply N at a rate equivalent to 75 kg N ha-1 harvest-1 assuming a 6-week 
harvest interval. At each harvest, aboveground plant biomass was collected and frozen at -20 
°C. The labeled E+ tall fescue had a 15N signature of approximately 10 atom% which is in the 
range of atom% 15N used successfully to trace the movement of N associated with earthworm 
activity (Amador and Görres 2005; Kreuzer et al. 2004; Whalen et al. 2000). Prior to initiation of 
the experiment, the frozen fescue was thawed, cut into 2.5-cm pieces, and incubated moist at 
room temperature in a plastic bag for about 20 days to allow microbial colonization and 
activity. 
Sampling and Analysis 
At the designated sampling time, 16 cores (4 replicates of each of the four treatments) 
were sampled destructively.  Litter remaining on the soil surface was removed.  Growing fescue 
was cut flush with the soil surface. The soil core was split in half lengthwise. Soil, sampled by 
depth increments, was homogenized separately.  Depth increments were 0-to-5 cm, 5-to-10 
cm, and 10-to-20 cm in S1, and 0-to-10 cm, and 10-to-20 cm in S2. During soil collection, 
earthworms were collected, placed in a container with a moistened Kim-wipe, gut-voided for 24 
hours and then frozen at -20 °C. 
All plant material (litter and grass) and earthworms were oven-dried at 55°C (S1) or 
freeze-dried (S2) to a constant weight. Soil (~15 g) was dried at 55°C for 5 days. Dried plant 
material was ground with a Thomas Wiley® Mini-Mill (Thomas Scientific, Swedesboro, NJ) to 
pass through a #40-mesh screen. Earthworms and soil were ground with a mortar and pestle. 
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All grinding equipment was cleaned between each sample to prevent 15N cross-contamination 
between samples.  Furthermore, grinding order was from least enrichment (unlabeled 
treatments) to most enrichment (time 0 - 15N enriched litter).   
Total N and atom% 15N analysis of all materials was conducted by the UC Davis Stable 
Isotope Facility (http://stableisotopefacility.ucdavis.edu). Samples were weighed (litter ~2.5 
mg, grass ~3.5 mg, earthworms ~1.0 mg, and soil ~38.0 mg) into 5 x 9-mm aluminum tins and 
the top folded closed to seal the tin. Samples were analyzed for N and 15N isotope using a PDZ 
Europa ANCA-GSL elemental analyzer interfaced to a PDZ Europa 20-20 isotope ratio mass 
spectrometer (Sercon Ltd., Cheshire, UK). 
The amount of source N in litter, soil, earthworm, and grass samples was derived from 
the change in 15N as based on a modification of the following basic equation (Hauck and 
Bremner 1976): 
F = T (x-y/z-y) [1] 
where F = weight of N derived from source, T = weight of N in sample, and the remaining 
variables represent the atom% 15N in the sample (x), background (y) and the source (z). For 
litter, earthworm tissue, and growing grass, T was derived as follows: 
T = [(total N/weight of sample)*(total weight of material)] [2] 
For soil, T was derived as follows: 
T = [(total N/weight of sample)*(bulk density)*(volume of core section)]  [3] 
Given a bulk density = 1.1 g cm-3, the volume of a 5-cm long core section = 392.7 cm3, and a 10-
cm long core section = 785.4 cm3. The amount of source N in soil from the different depths was 
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summed for a total amount in soil. The percent recovery of source N in the various pools was 
calculated as follows: 
% Recovery = (r/a)*100 [4] 
where r = amount of source N recovered and a = amount of source N applied. 
Statistical Analysis 
The studies were completely randomized split-plot designs. Treatment was the whole 
plot factor and sampling time was the split-plot factor.  Analysis of variance was conducted with 
SAS (SAS Institute Inc., Cary, NC) using PROC GLM with least significant difference (LSD) to 
separate means (α ≤ 0.05 and 0.1).  Data from time 0 (n = 4) were not included in the statistical 
analysis in S2, but were compared using the calculated LSDs. 
 
Results 
Native vs. Non-native, Endogeic Earthworms – Study 1  
The plant litter at the time of application was 2.5% N with 9.7821 atom% 15N. Litter 
remaining, calculated as a percentage of mass added at time 0, increased until day 21, most 
likely from soil particles adhering to leaf surfaces.  After day 21, litter mass decreased, and was 
not different than initial mass at the last two sampling times (Table 4.2). The presence of 
endogeic earthworms, whether native or non-native, did not impact litter decomposition (P = 
0.53). Litter N and 15N contents were not measured over the course of the study because of the 
limited changes in the amount of litter remaining on the surface.   
Nitrogen from the litter (source N) was present within a day of addition to the core, and 
increased slowly through time, regardless of earthworm treatment, in both the soil and the 
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aboveground grass biomass (Table 4.2).  Similar amounts of litter N were recovered in 
earthworms of all treatments at day 21 (mean = 0.03%; P = 0.55).  
Native, Endogeic vs. Non-native, Anecic Earthworms – Study 2 
Litter contained 2.2% N and 9.8220 atom% 15N at the time of application. The 
interaction of treatment and time was significant for percent of litter remaining (P < 0.0001; 
data not presented) and source N recovery (P = 0.003) from the litter (Fig. 4.1). No significant 
loss of source N from the litter occurred in the NO control during the duration of the study. 
Significant losses of source N occurred in the AN and AN+EN treatments from day 7 to 21 and 
21 to 42.  At day 21, 65% and 38% of the source N was removed from the surface litter in AN 
and AN+EN, respectively. By day 42, the source N pool was almost completely depleted with 13 
and 8% remaining in the surface litter in the AN and AN+EN treatments, respectively. At day 21 
no significant removal had occurred in the EN treatment, and EN was not different from NO. By 
day 42, 39% of the source N had been lost from surface litter in EN. The loss of source N 
generally agrees with the trends for percent surface litter remaining (data not shown). 
The main effects of treatment and time, but not the interaction of treatment and time, 
were significant for litter N (source N) recovered in the soil, earthworms, and tall fescue grass 
biomass as well as cumulative recovery (Tables 4.3 & 4.4).  The amounts of source N recovered 
in the AN and AN+EN treatment were not different from each other, but were greater than EN 
and NO which were not different from each other for soil and total recovery (Table 4.3). The 
greatest percentage of source N recovered in the grass occurred in the absence of anecic 
earthworms (Table 4.3). The two earthworm treatments containing anecic earthworms (AN and 
AN+EN) resulted in significantly lower source N recovery in the growing E+ tall fescue grass than 
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NO. Recovery in the EN treatment was intermediate and not significantly different from NO or 
AN and AN+EN (Table 4.3). Source N recoveries, while not always significant, increased with 
time in all three pools and for the cumulative recovery (Table 4.4). Grass % N was not different 
among treatments, but did decrease from day 7 to 42 from concentrations of 4.5 to 4.2 % (P = 
0.009; LSD = 0.17). 
 
Discussion 
Earthworm ecological group was a stronger driver controlling N cycling from 
decomposing grass plant litter on the soil surface than evolutionary origin. More N from 
decomposing litter was incorporated into soil and earthworm tissue when L. terrestris (anecic) 
was present, but less of the N released from the soil-incorporated litter was taken up by plants. 
The 15N-labeled tall fescue plant material applied to the soil surface of the cores was the source 
N pool.  This material simulates the pool of N from dead and decaying plant material found on 
the soil surface of grassland systems, e.g. prairie, pasture, hay field or lawn, and represents a 
potential food source for earthworms. Stockdill (1982) observed that the absence of 
earthworms resulted in a break in nutrient cycling and a lack of organic matter and plant 
nutrients in the rooting zone of pastures in New Zealand. The removal and subsequent 
incorporation of surface litter into the soil profile in the anecic earthworm treatments in S2 was 
consistent with the ecological group (Edwards and Bohlen 1996; Hendrix and Bohlen 2002) and 
behavioral characteristics of L. terrestris (Amador and Görres 2005; Savin et al. 2004). Our 
findings for litter consumption in the treatments with L. terrestris agree with Amador and 
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Görres (2005) who observed that L. terrestris consumed 90% of surface applied corn litter in 30 
days. 
The presence of endogeic worms was not statistically different than the no worm 
control in regards to source N uptake by plants. However, the lack of a statistical difference in 
S2 between the endogeic treatment and the two treatments containing anecic earthworms 
suggests that perhaps if our experiment had continued, the endogeic earthworms would 
eventually cause a decrease in the accumulated uptake of N from freshly decomposed plant 
litter. This supposition is supported by the loss of N from the remaining surface litter on day 42. 
The loss of litter N, the increase in source N into soil, worms, and grass for all treatments over 
time, and the lack of statistical separation of source N in grass in EN compared to both NO and 
AN or AN+EN in S2 all indicate that continued incubation may have yielded statistical separation 
of the EN treatment from the no worm control.   
In S1, earthworm activity overall was lower, most likely due to several challenges 
encountered in maintaining the experiment in the laboratory, including a low soil pH of 5.2, 
versus pH of 6.4 in S2. Soil pH was observed to decrease during the duration of the study (day 
98 average soil pH 4.9) and may have limited earthworm activity in S1 as it has been observed 
that earthworm population size and diversity decrease when soil pH is below 5.0 (reviewed in 
Lee, 1985). However, the lack of litter N incorporation into soil and the lack of an earthworm 
treatment effect differentiating movement of that litter N into the soil and grass were 
consistent with the results of the second study through week 3. The limited (S2) or lack of (S1) 
incorporation of litter by the endogeic earthworms was not unexpected given the general 
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characteristics of endogeic earthworms (Edwards and Bohlen 1996; Hendrix and Bohlen 2002; 
Lee 1985). 
The increase in dissolved N pools in soil (data not shown), and the lack of differences in 
plant % N concurrent with lower uptake of source N in living plants suggest that earthworms 
stimulate decomposition of soil organic matter, and the N released from soil organic matter is 
taken up by plants. While not detected in this study, introductions of multiple ecological groups 
(simulated by the AN+EN treatment) may stimulate decomposition of plant litter, incorporation 
of nutrients into soil, and perhaps less competition for N with plants over extended time 
periods (greater than 6 weeks). In an 11-week laboratory study, a mixed earthworm 
assemblage (L. terrestris and Ap. caliginosa) increased plant growth in general and total N and 
15N in Festuca rubra compared to a no worm control (Partsch et al. 2006). Giannopoulous et al. 
(2010) found that over 90 days, the interaction of L. rubellus (epigeic) and Ap. caliginosa 
(endogeic) increased the incorporation of surface residue and the mineralization of both new 
(residue) and old (soil) organic matter compared to the activities of the individual earthworm 
species.  
Amador and Görres (2005) suggested that the time window that N is available for plant 
(corn) uptake occurs shortly after L. terrestris incorporates litter and facilitates N 
mineralization. As time passes after earthworm activity, plant and microorganisms compete for 
the available N (Amador and Görres 2005). Our results from S2 contrast to results of Amador 
and Görres (2005) and indicate higher source N recovery in the growing tall fescue in the no 
worm control compared to the earthworm treatments containing anecic earthworms.   
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It is possible that lack of soil structure in the no worm control in this study resulted in 
limited transport of source N into the soil surface and increased uptake of source N by roots 
close to the soil surface. Amador and Görres (2005) found that in the absence of earthworms, N 
from decomposing corn residue was limited to the top 13 cm of the soil profile, while 
earthworms distributed the corn residue N throughout the 39-cm soil column. Earthworm-
facilitated dispersal of litter source N by anecic earthworms throughout the soil could account 
for lower source N uptake by plants in our study as well.  
If surface residue N incorporated into the soil by earthworm activity is not being taken 
up immediately by plants, then the question becomes whether that N is being incorporated 
into a stable pool to retain N in the system or if newly mineralized N is lost through leaching 
and denitrification. The interaction of epigeic and endogeic earthworms increased the 
incorporation and protection of new organic matter (C and N) from the soil surface in 
microaggregates within macroaggregates (Bossuyt et al. 2006; Giannopoulos et al. 2010). This 
effect was not observed in macroaggregates created by Ap. caliginosa (endogeic) with residue 
mixed into the soil profile as indicated by lower 15N recoveries in the macroaggregates 
(Giannopoulos et al. 2010). While we did not measure aggregate stabilized N, it seems plausible 
that litter N could be being stabilized at least in the AN and AN+EN treatments, limiting plant 
availability of residue N (source N).  Leaching did not occur during the duration of our studies, 
so N losses as a result of leaching are unlikely.  Additionally, soil was maintained at moisture 
contents to promote aerobic activity and, while not measured directly, denitrification was 
expected to be minimal.  
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Our findings suggest that earthworm ecological group, but not evolutionary origin is an 
important driver moving N from decomposing plant litter into soil and subsequently into worms 
in grass-based soil systems. Not surprisingly, the introduction of an anecic earthworm resulted 
in more N from decomposing litter being incorporated into soil and earthworms. However, less 
of that newly available N was taken up by plants. This leads to the question of the fate of that N 
in the soil and whether that N is being stabilized in soil organic matter, especially since cycling 
of N from soil organic matter seems to become more important for plant uptake of N in the 
presence of earthworms. Furthermore, results of litter decomposition in the presence of 
endogeic worms were somewhat contradictory, but in one of our two experiments there was 
greater loss of N from surface litter in the presence of endogeic earthworms after 42 days than 
from the no worm control. That result combined with the greater incorporation of litter N into 
soil, worms, and grass in general through time, and the lack of differentiation of the endogeic 
treatment and the two treatments with anecic worms suggest that, at longer incubations, 
endogeic earthworms may also reduce plant uptake of N from freshly decomposed plant litter. 
119 
Literature Cited 
Amador JA, Görres JH (2005) Role of the anecic earthworm Lumbricus terrestris L. in the 
distribution of plant residue nitrogen in a corn (Zea mays) - soil system. Appl Soil Ecol 
30:203-214. 
Bohlen PJ, Groffman PM, Fahey TJ, Fisk MC, Suarez E, Pelletier DM, Fahey RT (2004) Ecosystem 
consequences of exotic earthworm invasion of north temperate forests. Ecosyst 7:1-12. 
Bohlen PJ, Parmelee RW, McCartney DA, Edwards CA (1997) Earthworm effects on carbon and 
nitrogen dynamics of surface litter in corn agroecosystems. Ecol Appl 7:1341-1349. 
Bossuyt H, Six J, Hendrix PF (2006) Interactive effects of functionally different earthworm 
species on aggregation and incorporation and decomposition of newly added residue 
carbon. Geoderma 130:14-25. 
Callaham MA, Jr., Blair JM, Hendrix PF (2001) Different behavioral patterns of the earthworms 
Octolasion tyrtaeum and Diplocardia spp. in tallgrass prairie soils: Potential influences 
on plant growth. Biol Fert Soils 34:49-56. 
Callaham MA, Jr., Hendrix PF, Phillips RJ (2003) Occurrence of an exotic earthworm (Amynthas 
agrestis) in undisturbed soils of the southern Appalachian Mountains, USA. Pedobiol 
47:466-470. 
Costello DM, Lamberti GA (2008) Non-native earthworms in riparian soils increase nitrogen flux 
into adjacent aquatic ecosystems. Oecologia 158:499-510. 
Domínguez J, Bohlen PJ, Parmelee RW (2004) Earthworms increase nitrogen leaching to greater 
soil depths in row crop agroecosystems. Ecosyst 7:672-685. 
Edwards CA (2004) The importance of earthworms as key representatives of the soil fauna. In: 
Edwards CA (ed) Earthworm Ecology. 2nd edn. CRC Press, LLC., Boca Raton, FL, pp 3-11. 
Edwards CA, Bohlen PJ (1996) Biology and Ecology of Earthworms. 3rd edn. Chapman & Hall, 
London, UK. 
120 
Fisk MC, Fahey TJ, Groffman PM, Bohlen PJ (2004) Earthworm invasion, fine-root distributions, 
and soil respiration in north temperate forests. Ecosyst 7:55-62. 
Giannopoulos G, Pulleman MM, van Groenigen JW (2010) Interactions between residue 
placement and earthworm ecological strategy affect aggregate turnover and N2O 
dynamics in agricultural soil. Soil Bio Biochem 42:618-625. 
Groffman PM, Bohlen PJ, Fisk MC, Fahey TJ (2004) Exotic earthworm invasion and microbial 
biomass in temperate forest soils. Ecosyst 7:45-54. 
Hauck RD, Bremner JM (1976) Use of tracers for soil and fertilizer research. In: Brady NC (ed) 
Advances in Agronomy, vol 28. Academic Press, New York, NY, pp 219-266. 
Hendrix PF, Baker GH, Callaham MA, Jr., Damoff GA, Fragoso C, Gonzalez G, James SW, 
Lachnicht SL, Winsome T, Zou X (2006) Invasion of exotic earthworms into ecosystems 
inhabited by native earthworms. Biol Invasions 8:1287-1300. 
Hendrix PF, Bohlen PJ (2002) Exotic earthworm invasions in North America: Ecological and 
policy implications. BioScience 52:801-811. 
Hendrix PF, Callaham MA, Jr., Drake JM, Huang C-Y, James SW, Snyder BA, Zhang W (2008) 
Pandora's box contained bait: The global problem of introduced earthworms. Annu Rev 
Ecol Evol Syst 39:593-613. 
Hoagland DR, Arnon DI (1938) The water culture method for growing plants without soil. Calif 
Ag Res Station Circular 347:1-39. 
James SW (1990) Oligochaeta: Megascolecidae and other earthworms from southern and 
midwestern North America. In: Dindal DL (ed) Soil Biology Guide. John Wiley & Sons, 
Inc., New York, NY, pp 379-386. 
James SW (1995) Systematics, biogeography, and ecology of neartic earthworms from eastern, 
central, southern, and southwestern United States. In: Hendrix PF (ed) Earthworm 
Ecology and Biogeography in North America. Lewis Publishers, Boca Raton, FL, pp 29-51. 
121 
Kalisz PJ, Wood HB (1995) Native and exotic earthworms in wildland ecosystems. In: Hendrix PF 
(ed) Earthworm Ecology and Biogeography in North America. Lewis Publishers, Boca 
Raton, FL, pp 117-126. 
Kreuzer K, Bonkowski M, Langel R, Scheu S (2004) Decomposer animals (Lumbricidae, 
Collembola) and organic matter distribution affect the performance of Lolium perenne 
(Poaceae) and Trifolium repens (Fabaceae). Soil Biol Biochem 36:2005-2011. 
Lee KE (1985) Earthworms their Ecology and Relationship with Soils and Land Use. Academic 
Press Inc., Orlando, FL. 
Parmelee RW, Bohlen PJ, Blair JM (1998) Earthworm and nutrient cycling processes: Integrating 
across the ecological hierarchy. In: Edwards CA (ed) Earthworm Ecology. CRC Press, Boca 
Raton, FL, pp 123-143. 
Partsch S, Milcu A, Scheu S (2006) Decomposers (Lumbricidae, Collembola) affect plant 
performance in model grasslands of different diversity. Ecology 87:2548-2558. 
Reynolds JW (1995) Status of exotic earthworm systematics and biogeography in North 
America. In: Hendrix PF (ed) Earthworm Ecology and Biogeography in North America. 
CRC Press, Inc., Boca Raton, pp 1-27. 
Roberts CA, Lacefield GD, Ball D, Bates G (2009) Management to optimize grazing performance 
in the northern hemisphere. In: Fribourg HA, Hannaway DB, West CP (eds) Tall Fescue 
for the Twenty-first Century. American Society of Agronomy, Crop Science Society of 
America, and Soil Science Society of America, Madison, WI, pp 85-99. 
Savin MC, Görres JH, Amador JA (2004) Microbial and microfaunal community dynamics in 
artificial and Lumbricus terrestris (L.) burrows. Soil Sci Soc Am J 68:116-124. 
Scheu S (2003) Effects of earthworms on plant growth: Patterns and perspectives. Pedobiol 
47:846-856. 
Schwert DP (1990) Oligochaeta: Lumbricidae. In: Dindal DL (ed) Soil Biology Guide. John Wiley & 
Sons, Inc., New York, NY, pp 341-356. 
122 
Shipitalo MJ, Le Bayon RC (2004) Quantifying the effects of earthworms on soil aggregation and 
porosity. In: Edwards CA (ed) Earthworm Ecology. 2nd edn. CRC Press, LLC, Boca Raton, 
FL, pp 183-200. 
Snyder BA, Boots B, Hendrix PF (2009) Competition between invasive earthworms (Amynthas 
corticis, Megascolecidae) and native North American millipedes (Pseudopolydesmus 
erasus, Polydesmidae): Effects on carbon cycling and soil structure. Soil Biol Biochem 
41:1442-1449. 
Stockdill SM (1982) Effects of introduced earthworms on the productivity of New Zealand 
pastures. Pedobiol 24:29-35. 
Whalen JK, Parmelee RW, Subler S (2000) Quantification of nitrogen excretion rates for three 
lumbricid earthworms using 15N. Biol Fert Soils 32:347-352. 
Wilcox CS, Dominguez J, Parmelee RW, McCartney DA (2002) Soil carbon and nitrogen dynamics 
in Lumbricus terestris. L. middens in four arable, a pasture, and a forest ecosystems. Biol 
Fert Soils 36:26-34. 
Winsome T, Epstein L, Hendrix PF, Horwath WR (2006) Competitive interactions between native 
and exotic earthworm species as influenced by habitat quality in a California grassland. 
Appl Soil Ecol 32:38-53. 
  
123 
Tables and Figures 
Table 4.1. Experimental design for laboratory studies. 
Treatments 
Earthworm species (ecological group) 
Non-native  Native 
Study 1    
No Worm (NO) 0  0 
Non-Native (Non) 2 Aporrectodea trapezoides 
(endogeic) 
 0 
Native (Nat) 0  2 Diplocardia meansi 
(endogeic) 
Mix (Non+Nat) 1 Aporrectodea trapezoides 
(endogeic) 
 1 Diplocardia meansi 
(endogeic) 
 
Study 2    
No Worm (NO) 0  0 
Anecic (AN) 2 Lumbricus terrestris  
(anecic) 
 0 
Endogeic (EN) 0  2 Diplocardia meansi 
(endogeic) 
Mix (AN+EN) 1 Lumbricus terrestris  
(anecic) 
 1 Diplocardia meansi 
(endogeic) 
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Table 4.2. Surface litter remaining (% of mass originally added), % N, and % source N recovered 
in E+ tall fescue aboveground biomass, and % source N recovered in the soil across all 
earthworm treatments (native, non-native, or both native and non-native endogeic 
earthworms) in study 1. 
Time 
Litter  Grass  Soil 
Remaining  N  Source N  Source N 
(day) -------------------------------------------- % -------------------------------------------- 
1 105.7 B1  3.1 B  0.3 C  6.0 C 
6 110.3 AB  3.1 B  0.3 C  7.1 B 
21 114.6 A  3.2 B  0.6 B  8.5 A 
49 110.9 AB  3.5 A  0.8 B   ND2 
98 106.1 B  3.6 A  1.2 A  ND 
        
P-value 0.0176  <0.0001  <0.0001  0.0003 
N 16  16  12  12 
LSD0.05 5.8  0.2  0.2  1.0 
1 Same letters in a column indicate no significant difference (P = 0.05). 
2 Not determined. 
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Table 4.3. Recovery of source nitrogen (N) by treatment across all sampling times in soil, 
earthworm tissue, grass, and as a calculated total recovery (study 2, n = 9). 
Treatment1 
Source N acquired 
Soil  Earthworm  Grass  Total 
 -------------------------------------------- % -------------------------------------------- 
NO 24.6 B2  NA3  8.8 A  33.4 B 
AN 57.1 A  5.9 A  5.6 B  68.6 A 
EN 28.6 B  1.8 B  6.8 AB  37.3 B 
AN+EN 50.9 A  5.6 A  6.4 B  62.9 A 
        
P-value 0.0032  0.0327  0.0451  0.0046 
LSD0.05 15.8  3.1  2.2  18.4 
1Treatments are no earthworms (NO), two anecic (Lumbricus terrestris; AN), two endogeic 
(Diplocardia meansi; EN), and one each L. terrestris and D. meansi (AN+EN). 
2 Same letters within a column indicate no significant difference (P = 0.05). 
3 Not applicable. 
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Table 4.4. Recovery of source nitrogen (N) by sampling time across all earthworm treatments in 
soil, earthworm tissue, grass, and as a calculated total recovery (study 2). 
Time 
Source N acquired 
Soil  Earthworm  Grass  Total 
(days) -------------------------------------------- % -------------------------------------------- 
7 24.0 B1  1.2 B  3.6 C  28.5 C 
21 39.5 B  3.2 B  6.4 B  48.3 B 
42 57.4 A  9.0 A  10.7 A  74.8 A 
        
P-value 0.004  <0.0001  <0.0001  0.0004 
N 12  9  12  12 
LSD0.05 17.7  2.6  1.5  19.2 
1 Same letters within a column indicate no significant difference (P = 0.05). 
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Fig. 4.1. Litter nitrogen (source N) remaining on the soil surface at days 7, 21, and 42 following 
addition of earthworm treatments and 15N-labeled tall fescue litter to soil cores growing tall 
fescue. Treatments are no earthworms (NO), two anecic (Lumbricus terrestris; AN), two 
endogeic (Diplocardia meansi; EN), and one each L. terrestris and D. meansi (AN+EN). The 
values are an approximation because soil was observed adhering to the grass blades and 
determination of earthworm incorporation of the litter was based on best judgment. The LSD to 
compare values within a treatment is 18.5, and the LSD to compared values between 
treatments is 18.4. 
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CONCLUSIONS 
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Conclusions 
The overarching goal of this dissertation research was to identify reciprocal 
consequences of interactions between earthworm populations and endophyte infected tall 
fescue (Lolium arundinaceum (Schreb) S. J. Darbysh). Conversion of  toxic endophyte 
(Neotyphodium coenophialum Glenn, Bacon & Hanlin) infected (E+) tall fescue pasture systems 
to novel, or non-toxic, endophyte infected (NE+) tall fescue could alter  earthworm population 
structures. Conversely, earthworms occupying different ecological niches, endogeic or anecic, 
and of different evolutionary origin, native or non-native, can impact N cycling processes 
differently. The relationships of these belowground organisms with the tall fescue may be 
altered by the grass’ aboveground fungal endophytic symbiosis.  
Research objectives were threefold:  1) to identify earthworm populations and temporal 
changes in community structure (juvenile and adult) over the course of one year in toxic (E+) 
and non-toxic (NE+) endophyte infected tall fescue pastures; 2) determine if the presence, 
absence, or combined presence of native and non-native earthworms of the same or different 
ecological group result in differences in N cycling in soil of E+ and NE+ tall fescue systems, and 
3) quantify cycling of litter derived N, using 15N as a tracer, through pools (to plant uptake) as 
affected by ecological group and interactions among groups of earthworms in soil growing E+ 
tall fescue. This research approach allowed investigation of whether the fungal endophyte 
infection of aboveground biomass exerted control over earthworm population structure, and 
allowed investigation of whether a change in earthworm populations altered plant litter 
decomposition, N cycling in soil, and subsequently plant N uptake of freshly decomposed litter.  
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Objective 1 was achieved through a year-long field survey of earthworm populations in 
E+ and NE+ tall fescue pastures. Objectives 2 and 3 were achieved through laboratory 
incubation studies utilizing contrasting earthworm evolutionary origins and by changing 
ecological groups, anecic compared to endogeic. The field survey of earthworms helped answer 
the question of which earthworms to target in laboratory incubations. Endogeic earthworms of 
the genus Diplocardia were confirmed to be the prevalent native earthworm. Endogeic 
earthworms of the genus Aporrectodea were confirmed to be the prevalent non-native 
earthworm. Lumbricus terrestris were also utilized as an earthworm species with the potential 
to be introduced into ecosystems in Northwest Arkansas and throughout the southern United 
States.  
Establishing E+ and NE+ tall fescue pastures does not result in the loss of native 
earthworms. Native Diplocardia spp. co-existed with two non-native species, Aporrectodea 
caliginosa and Ap. trapezoides in all four pastures. However, endogeic, non-native 
Aporrectodea spp. comprised a greater proportion of the total community, and thus may have a 
competitive advantage over native earthworms in tall fescue pastures. Earthworm population 
dynamics of the three species were not explained by E+ versus NE+ infection of tall fescue.  The 
time difference since the physical disturbance of pasture establishment and tall fescue planting 
did explain some of the changes in adults. The spatial and temporal heterogeneity of 
earthworm populations was evident in the data. However, juveniles and adults tended to be 
inversely related in the spring sampling (Jan to Jul 2007), while juveniles were the predominant 
proportion of the population in the fall sampling (Oct 2007 to Jan 2008).   
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As has been measured in previous studies, the presence of earthworms increased 
respiration, decomposition, and N availability in soil in the laboratory experiments. Results in 
this research support other studies that indicate that species specific requirements of 
earthworms can cause differences in N cycling. Native, endogeic earthworms alone or in 
combination with non-native endogeic earthworms resulted in higher dissolved N, including 
nitrate, in soil than in treatments containing only non-native, endogeic earthworms. Increased 
N was not a result of surface litter incorporation by the native, endogeic earthworms as 
supported by a lack of surface litter consumption and calculations of source N (15N labeled E+ 
tall fescue litter) recovery in earthworm tissue and soil.  
In contrast to endogeic earthworms, as expected from feeding strategies, non-native, 
anecic earthworms did consume and incorporate surface litter into the soil. This conclusion is  
supported by surface litter consumption data (E+ and NE+ system) and calculations of source N 
recovery in earthworm tissue and soil (E+ system only). Litter consumption by anecic 
earthworms in the NE+ system, however, was slower and less extensive than consumption in 
the E+ system. Nitrogen pools in the presence of anecic earthworms were similar to those in 
the presence of native, endogeic earthworms in NE+. Higher dissolved N concentrations in soil 
of the E+ system with anecic earthworms was likely driven by enhanced consumption of E+ tall 
fescue litter (toxic ergot alkaloids) resulting in increased decomposition and net nitrification.  
Source N uptake data from the growing E+ tall fescue indicates that less N released from 
freshly decomposed fescue litter was taken up by the growing plants in the presence of anecic 
earthworms. Because plants all had similar % N concentrations, the 15N data suggest that plants 
were acquiring relatively more plant N from decomposition of soil organic matter in the 
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presence of earthworms, including anecic earthworms. These data raise the question, “What is 
the fate of this “newly available N?” Nitrogen from litter was present in greater concentrations 
in the soil and anecic earthworms; however, it is unclear as to whether this N will be stabilized 
in soils, such as inside microaggregates within macroaggregates, a known physical mechanism 
of enhancing protection of resources in earthworm-worked soil. Conversely, the potential for 
leaching and/or gaseous loss from the system may be increased by the increasing pools of 
dissolved N, including nitrate. Soil moisture was maintained below field capacity in these 
studies, and leaching was not observed in these experiments. Furthermore, source N recoveries 
of 15N do not suggest a significant loss resulting from nitrous oxide emissions.   
Conversion of pastures to NE+ tall fescue should not alter earthworm populations 
differently than E+ tall fescue pastures. Furthermore, our data suggest that introductions of 
non-native earthworms in E+ fescue will result in more differences in N availability than in NE+ 
fescue pastures. However, a change in ecological group does need to be investigated further as 
to the fate of freshly decomposed plant litter N. Litter N is moving into soil and earthworms, 
but less is taken up by plants than in the absence of earthworms. Future studies should include 
longer duration laboratory studies and field research with manipulated earthworm populations 
to more fully understand the roles of earthworms and mechanisms that enhance or decrease N 
retention and cycling efficiencies in tall fescue pasture systems. 
 
